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Abstract
Micro electro-discharge machining (micro-EDM) is a machining process capable of removing material in
sub-grain size range and machining a range of materials irrespective of their hardness. Due to the unique
capabilities offered by micro-EDM process in manufacturing high accuracy micro-scale parts with complex
geometries, it has potential to meet wide spectrum of current and future needs in the electronics, automo-
tive, optics and bio-medical industries. Despite these advantages, one of the major disadvantages of the
micro-EDM process has been its low productivity in terms of material removal rate (MRR). To improve the
MRR, the micro-EDM process has been subjected to numerous parametric optimization studies. However,
machining characteristics of the micro-EDM process are influenced by a large number of controllable pro-
cess parameters. This makes it very cumbersome to conduct full-scale parametric studies and find optimum
machining parameters without understanding of material removal mechanism. Therefore, there is a strong
need for development of a physics-based model to gain fundamental knowledge of the micro-EDM process.
In this research work, a multi-physics model of the micro-EDM process has been developed to understand
formation and expansion of micro-EDM plasma, and the process of formation of melt-pool and material re-
moval at the workpiece. Initially, a model of micro-EDM plasma has been developed using a ’Global Model’
approach in which the plasma is assumed to be spatially uniform, and equations of mass and energy conser-
vation are solved simultaneously along with the dynamics of the plasma bubble growth. One of the unique
features of this model is the plasma chemistry module that enables understanding of chemical as well as en-
ergy interactions of various species in the plasma. Using the micro-EDM plasma model, complete temporal
description of the micro-EDM plasma is obtained in terms of the composition of the plasma, temperature
of electrons and other species, radius of the plasma bubble, the plasma pressure and heat flux to the elec-
trodes. The model is also used to study the effect of electric field in the inter-electrode gap and the gap
distance on the plasma characteristics. The model predicts that the application of higher field at a fixed gap
increases the electron density, plasma temperature, plasma radius, plasma pressure and the heat flux to the
workpiece, while increasing gap distance for a fixed electric field results in decreased overall plasma density
and increased heat flux.
The micro-EDM plasma model is further enhanced to predict time-transient electrical characteristics of
a micro-EDM discharge such as plasma resistance, voltage, current and discharge energy. In micro-EDM,
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due to smaller value of the plasma resistance, it is often difficult to separate the voltage drop across stray
impedances in the circuit from exact voltage drop across micro-EDM plasma alone using direct measure-
ments. A model-based approach can be useful in this case to obtain accurate information about the time-
transient plasma voltage/current waveforms and the discharge energy, which plays a crucial part in material
removal. Using the enhanced micro-EDM model, effects of gap voltage and gap distance on the plasma
electrical characteristics are studied to reveal that the application of a higher open gap voltage decreases
the plasma resistance but increases the plasma current resulting in an increase of the discharge energy for a
given gap distance. Whereas, an increase in the inter-electrode gap distance increases the plasma resistance
but does not affect the plasma current, thereby, increasing the discharge energy.
A melt-pool model based on the plasma model predictions of plasma radius, pressure and heat flux is
developed to predict material removed from the workpiece (anode) in micro-EDM. To model the melt-pool,
heat transfer and fluid flow equations are solved in the domain containing dielectric and workpiece material.
A level-set method is used to identify solid and liquid fractions of the workpiece material when the material
is molten by micro-EDM plasma heat flux. Using the melt-pool model, a typical micro-EDM discharge is
simulated to study the evolution of temperature and velocity distribution on the workpiece surface, and
morphology of the resulting crater. The morphology of the crater is used to estimate volume of material
removed per discharge in micro-EDM.
The micro-EDM plasma model and the melt-pool model are validated with the help of a custom-designed
micro-EDM machine tool equipped with single-discharge EDM circuit. Voltage and current waveforms are
captured experimentally and compared with model predictions to validate the micro-EDM plasma model.
Micro-EDM melt-pool model is validated by comparing the model predicted crater shapes with experimental
measurements of the crater morphology.
The modeling tools are employed further to study possible mechanisms of productivity improvements
in micro-EDM. First, effect of electrical conductivity of the dielectric water on the dielectric breakdown,
plasma characteristics and material removal in micro-EDM is investigated using both, experimentation and
modeling. It is concluded that the plasma heat flux exerted on the workpiece can be increased to cause
increased material removal using increased electrical conductivity of the dielectric water. Next, the melt-
pool model is used to obtain evolution of temperature and velocity distributions in magnetic field-assisted
micro-EDM and study the effect of Lorentz force on morphological modification of the melt-pool. It is shown
that the external magnetic field exerts a Lorentz force on the micro-EDM melt-pool during the discharge,
affects the morphology of the melt-pool and can be used to exert additional ejection force on the debris
particles to improve productivity of the micro-EDM process.
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Chapter 1
Introduction
1.1 BACKGROUND AND MOTIVATION
With advances in miniaturization, many new manufacturing processes are being developed to bridge the
gap between precision engineering and semiconductor-based processes as the demands on manufactur-
ing a range of materials has grown. Micro electro-discharge machining, known as micro-EDM is a non-
conventional machining process for removing material in the sub-grain size range (0.1− 10 µm) and has
shown huge potential for machining a range of materials irrespective of their hardness [1]. In micro-EDM,
the workpiece material is removed by applying short voltage pulses ( 1− 10 µs) between the tool electrode
and the workpiece separated by a few microns with dielectric liquid in the gap. Due to lack of physical con-
tact between the electrodes, forces exerted on the workpiece are minimal causing very low residual stress
in the material unlike the mechanical machining processes. Also, by controlled feeding of the tool with
respect to the workpiece, the micro-EDM process allows generation of complex shapes and geometries for
manufacturing of high-accuracy micro-parts. Due to these unique advantages, the micro-EDM process has
found applications in many areas, for example, micro-tool making, micro-mold and die making, bio-medical
device manufacturing, aerospace, optics and electronics industries etc. However, typical material removal
rates (MRR) achieved in micro-EDM process range from 0.6− 6.0 mm3/hr, which are far below the desired
minimum level of 10− 15 mm3/hr needed for industrial viability [2].
It is believed that the reasons behind low material removal rates in micro-EDM are primarily associated
with low energy efficiency of the individual discharges and accumulation of debris particles in the inter-
electrode gaps. During each discharge, the electrical energy in micro-EDM process is dissipated in a plasma
channel and only a fraction of the energy is transferred to the electrodes. This thermal energy from the
plasma results in formation of melt-pool and partial evaporation at electrode surfaces. A portion of the
melt-pool is ejected as debris in the surrounding dielectric at the end of the discharge, leaving behind
some amount of re-solidified material at the discharge location. Thus, only a small percentage of the input
electrical energy is utilized in the process towards effective material removal. Furthermore, due to micro-
level inter-electrode gaps in micro-EDM, clogging of debris particles in the gap are known to cause arcing
and abnormal discharges leading to lower material removal rates (MRR), reduced machining accuracy and
1
poor surface finish [3–5].
Several efforts have been made to improve productivity of the micro-EDM process. Techniques like tool
rotation [6] and ultrasonic motion of tool and/or workpiece [7] have been employed to improve debris
removal from the gaps, while selection of the dielectric fluid [8–11] has been investigated to alter the
discharge characteristics of the process. Studies have been carried out to compare the material removal
rates in a variety of dielectric media including deionized water, distilled water, hydrocarbon-based oils,
kerosene and even gaseous dielectric such as helium, argon, oxygen, nitrogen and air. Modification of
dielectric using additives in the form of powder or fibers suspended in dielectric media has also been shown
to affect the machining characteristics such as MRR, tool wear and surface finish in micro-EDM [3, 8–12],
reason for which has been attributed to increased electrical conductivity of the dielectric causing enlarged
gap for effective debris flushing [8] and dispersion of discharge energy [3,8,11].
Recently, researchers have looked into the application of magnetic field for debris removal [13–15].
Heinz et. al. [15] have experimentally demonstrated that the application of magnetic field in certain ori-
entations during micro-EDM can increase debris ejection along with increase in the material removal for
non-magnetic materials as well. It is believed that a Lorentz force generated due to current flowing into the
workpiece and the external magnetic field exerts an additional force on the melt-pool created at the work-
piece, thereby, pushing debris further away from the discharge location. While these techniques have shown
some promise towards improvement of MRR of the micro-EDM process, lack of fundamental knowledge of
the discharge and material removal process in micro-EDM limits their application when process conditions,
namely, inter-electrode gap distance, gap voltage, discharge current, pulse-on time, duty cycle, choice of elec-
trodes and dielectric etc. are changed. Conducting full-scale parametric studies to find optimum machining
parameters can be very cumbersome without understanding the material removal mechanism. Moreover,
due to very small inter-electrode gaps (< 10 µm) and short discharge time-scales (< 10µs), the information
obtained via direct experimental measurements about the micro-EDM plasma and material removal can be
limited. Therefore, there is a strong need for development of a physics-based model to gain fundamental
knowledge of the process and thereby, design and evaluate a high-performance micro-EDM process to meet
the current and future needs of micro-manufacturing.
EDM, in general, is considered to be a very complex and stochastic process involving multiple physical
phenomena such as electrodynamics, electromagnetics, thermodynamics, and hydrodynamics [16]. A single
discharge of the EDM process can be subdivided into multiple stages [17], viz., a) breakdown stage in which
application of electric field causes dielectric to break down and form a plasma channel; b) discharge phase in
which the plasma channel created in the breakdown phase grows in size while heating the electrode material
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well above its melting point and finally, c) end of the discharge when the applied electric field is switched off
causing the dielectric to regain its strength and implosion of the plasma channel to eject the molten material
in the form of debris particle. Accurate knowledge of the physics of each of these sub-processes still remains
a subject of debate [17], thereby, a generalized modeling of the EDM process a highly challenging task.
Due to complexities of the physics involved, most of the modeling efforts in EDM have been limited to
estimation of material removal rate using a simple thermal-based approach [18–22]. In a thermal-based
modeling, temperature distribution in the workpiece material is modeled under a known plasma heat flux
and the volume of the material removal is taken as the volume of the material above the melting point [18].
Due to limited understanding of the EDM plasma, the thermal energy transferred to the workpiece by the
plasma is determined empirically, in the form of a heat flux boundary condition at the surface, from the val-
ues of gap voltage and current. An artificial Gaussian distribution is often imposed on the heat flux value to
incorporate spatial variation of the heat flux. Based of the choice of heat flux distribution, the results of the
temperature field in the workpiece vary drastically [18], and the predictions of resulting crater shape and
material removal rate (MRR) differ from the experimental measurements. Even with the precise understand-
ing of the EDM plasma characteristics, thermal-based models of material removal may still be inadequate in
accurate prediction of the resulting crater shapes and sizes as they do not capture the hydrodynamics of the
molten pool and mechanism of the material ejection in the form of debris. Tao et. al [23] made one of the
first successful attempts of developing a model of material removal in single discharge micro-EDM, which
included material melting, plasma bubble collapse, splashing of molten material and re-solidification. The
findings from the model have shown good agreement with the experiments in predicting crater diameters;
however, the crater depths have been over-estimated. Again, this model formulates the boundary conditions
for the plasma heatflux and radius by an empirical approach and artificially introduces a suitable Gaussian
distribution of the non-uniform heat flux. A multidimensional physics-based model of EDM plasma can,
therefore, prove extremely useful in accurate prediction of material removal in EDM by providing spatial
and temporal description of the plasma heat flux boundary condition.
The progress made towards modeling the EDM plasma has been very modest so far. One of the first
theoretical study of EDM plasma dynamics was carried out by Eckman and Williams [24] in which the
plasma was modeled as a radially expanding cylindrical column in liquid nitrogen dielectric using a one-
dimensional Navier-Stokes equation. In this study the relationships between the plasma characteristics
such as the electron density, electron temperature and input power were obtained by quasi-equilibrium
approximations. However, predictions of the electron temperature and plasma pressures from this model
are found to be much higher than the experimentally observed values. Eubank et. al. [25] proposed a
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variable mass, cylindrical plasma model for conventional EDM (Macro-EDM) in water in which the mass
and energy balance equations were solved together with the expanding plasma dynamics. Thermo-physical
properties of the plasma were derived by assuming it to be a perfect-gas mixture. Dhanik and Joshi [26]
modeled a single discharge of micro-EDM process in water as a cylindrical plasma column similar to Eubank
et. al. but also incorporated mechanism of initial breakdown of the dielectric, and nucleation in their
model. However, these models assume thermal equilibrium between electrons, ions and neutrals throughout
the discharge period and require the knowledge of thermo-physical properties of the plasma mixture as a
function of temperature and pressure in advance. These models also fail to provide the understanding
of the complex plasma chemistry in terms of generation and loss of different species in the plasma by
various chemical reactions and their effect on the evolution of plasma temperature, pressure and radius.
With recent trend of powder-mixed EDM, where various additives are being added in the dielectric fluids
to influence the breakdown and discharge mechanism in EDM, it has become essential to bring forth the
understanding of complex plasma chemistry during an EDM discharge. Another drawback of these models is
the assumption of a cylindrical plasma column compared to the spherical-shaped geometry of the discharge
observed experimentally [6, 7].
In summary, a review of the literature on the EDM suggests that the progress made in modeling the EDM
process has been preliminary in nature, and understanding of phenomena such as the dielectric breakdown,
EDM plasma dynamics, melt-pool formation at the electrodes and debris ejection is still limited. To fill these
knowledge gaps, what is needed is to develop a multi-physics model of the EDM process by incorporating (a)
physics and chemistry of the EDM plasma, (b) dielectric flow in the discharge gap as well as (c) the material
removal.
1.2 RESEARCH OBJECTIVES, SCOPE AND TASKS
1.2.1 Research Objectives and Scope
The overall objective of the proposed research is to improve efficiency of the micro-EDM process via funda-
mental understanding of the physics of the EDM process. This will be achieved by developing a multi-physics
model to simulate formation and growth of the plasma channel, melting and vaporization of electrodes,
plasma channel collapse and the ejection of debris from the discharge location. Through physical under-
standing of effect of machining parameters on the micro-EDM process at each stage of the discharge, such a
model will enable development and evaluation of new methods aimed at improving the quality and produc-
tivity of the process.
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To model the micro-EDM process, two-step approach will be adopted. First, process of the plasma dis-
charge will be modeled using a ’Global Model’ approach. A ’Global Model’ is essentially a zero-dimensional
model and assumes uniform spatial distributions of plasma parameters and involves simple governing equa-
tions of conservation of mass and energy to estimate the time-transient plasma characteristics. Such ’zero-
dimensional’ (0D) models have been routinely used to model electron cyclotron resonance (ECR) and in-
ductively coupled (ICP) plasmas [27, 28]. However, these plasmas are created in a fixed control volume at
a much larger scale unlike the micro-EDM plasma in which the discharge is made at a micron-level inter-
electrode gap. Moreover, the plasma volume is constantly changing in micro-EDM depending on the forces
acting on the plasma-dielectric interface. The micro-EDM plasma model will be followed by developing a
micro-EDM melt-pool model to model the material removal in micro-EDM. The values of plasma heat flux,
pressure and plasma radius obtained from the plasma model will be used as the input to the melt-pool
model. Heat transfer and fluid flow equations will be solved in the domain containing dielectric fluid and
workpiece material to predict temperature and flow velocities of the melt-pool as well as the evolution of
workpiece-dielectric interface. The size and shape of the predicted melt-pool will be used to obtain resulting
crater shape and volume of material removed per discharge in micro-EDM.
The scope of the modeling work will be limited to a single discharge operation of micro-EDM. Deionized
water will be the choice of dielectric for the model as it is most commonly used in EDM [17, 29] due to
higher MRR, lower electrode wear and improved surface finish when compared to other dielectric liquids
such as tap water and kerosene [2, 9, 30, 31]. Using the developed model, two specific ideas for improved
productivity of micro-EDM process will be investigated, viz.,
1. Modification of dielectric conductivity for easy discharge initiation and efficient debris removal,
2. Application of external magnetic field for plasma stability and efficient debris removal.
The proposed research objectives will be achieved through specific research tasks described as follows.
1.2.2 Research Tasks
Research Task 1: Mathematical Modeling of Micro-EDM Plasma Formation, Expansion and Collapse
in Deionized Water
In micro-EDM, the thermal energy required for electrode erosion is supplied by the plasma channel formed
in the inter-electrode gap. Detailed modeling of the plasma discharge in EDM will not only provide us with
the quantitative estimates of the critical plasma characteristics that directly influence the material removal,
but can also help us gain insight into the physio-chemical processes that are difficult to study experimentally.
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Therefore, the first task of this research will be to develop a mathematical model of plasma to predict the
major plasma characteristics such as plasma composition, density, plasma temperature, pressure, plasma
channel size and heat flux to the electrode etc. during the discharge period as a function of time.
Research Task 2 : Development of Melt-pool Formation and Debris Ejection Model
Model-based understanding and prediction of material removal is the most important aspect of the proposed
micro-EDM modeling study from manufacturing point of view. This will be accomplished by solving a sys-
tem of coupled heat transfer and fluid flow equations to obtain temperature distribution and flow field of
the molten metal to simulate the melt-pool formation in a single-discharge EDM process and predict the sub-
sequent material removal via the mechanism of vaporization, melt-pool splashing, and formation of debris
particles and ejection.
Research Task 3 : Experimental Validation of the Micro-EDM Model
A customized micro-EDM testbed will be developed to carry out experiments to study the physics of the
micro-EDM process as well as to validate the predictions of the micro-EDM model. Diagnostic tools will
be used to obtain experimental measurements of the many physical phenomena during a single discharge
micro-EDM operation.
Research Task 4 : Model-based Investigation of the Effect of Dielectric Conductivity on Micro-EDM
Machining Characteristics:
One of the important applications of the multi-physics model developed in this research is to build a the-
oretical platform to evaluate the effectiveness of the new technologies being applied in micro-EDM for in-
creased productivity. It is believed that by changing the electrical conductivity of the dielectric medium, the
characteristics of the micro-EDM plasma can be affected, thereby, affecting the resulting material removal.
The objective of this research task is to extend the micro-EDM plasma model developed in research task 1
to examine the effect of dielectric conductivity on dielectric breakdown, plasma formation and machining
properties such as material removal and debris removal in micro-EDM.
Research Task 5 : Modeling Melt-pool Formation in Magnetic-field Assisted Micro-EDM:
In a recent experimental study [15], it was seen that the application of external magnetic field in micro-
EDM could result in efficient debris removal due to additional Lorentz force (given by cross-product of
electrical current and magnetic field) exerted by the magnetic field on the micro-EDM melt-pool. Once a
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basic understanding of the hydrodynamics of the melt-pool is reached through research task 2, the model
will be extended to include Lorentz force generated by the external magnetic field onto the melt-pool. The
major goal of this research task will to obtain quantitative estimation of the morphological an dynamical
modification of micro-EDM melt-pool due to different magnetic field configuration.
1.3 THESIS OUTLINE
This thesis is organized as follows. Chapter 2 provides a review of literature relevant to the EDM process in
general with emphasis on theoretical understanding and modeling of the process. First, a general overview
of EDM is presented. This is followed by description of EDM plasma as reveled by experimental charac-
terization studies. Next, available literature on modeling of the EDM process is covered in detail. In the
following section, different methods of productivity improvements used in micro-EDM are reviewed. Finally,
a summary of the reviewed literature is presented and gaps in the knowledge are highlighted.
Chapter 3 describes the development of a micro-EDM plasma model with deionized water as the di-
electric fluid. The chapter begins with explanation of the approach, assumptions and formulation of the
model. The specific modules along with governing equations used to describe the micro-EDM plasma are
discussed. This is followed by model evaluation, where model-based predictions of the transient micro-EDM
plasma characteristics such as plasma composition and density, temperature, radius, pressure and heat flux
to electrodes are studied for a typical micro-EDM discharge. Next, simulation experiments are conducted
with electrical field and inter-electrode gap distance as micro-EDM process parameters to evaluate effect of
these parameters on the micro-EDM plasma characteristics. Emphasis is placed on plasma radius, pressure
and heat flux to anode, as these characteristics influence material removal at the workpiece in a micro-EDM
discharge. Limitations of the micro-EDM plasma model are then discussed to establish the need for further
enhancement. Next, the model formulation of the enhanced micro-EDM plasma model is described, fol-
lowed by model evaluation for typical discharge conditions. The predictions of the enhanced model include
transient electrical characteristics of the micro-EDM plasma discharge such as plasma resistance, discharge
voltage and discharge current in addition to the plasma characteristics predicted by the preliminary model.
Simulation experiments are conducted once again with the enhanced model to study effect of open gap
voltage and inter-electrode gap distance on the plasma characteristics.
Chapter 4 presents a micro-EDM melt-pool model to predict workpiece (anode) material removal from
a single discharge micro-EDM process. The chapter commences with a description of how the plasma char-
acteristic from the micro-EDM plasma model are used as an input to the melt-pool model. The formulation
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of the melt-pool model is then described along with the governing equations used. This is followed by
simulation of melt-pool at the workpiece surface during a typical micro-EDM discharge. Evolution of the
temperature distribution in the workpiece material and corresponding velocity distribution of the melt-pool
under the action of various hydrodynamic forces are studied and discussed. Lastly, how shape and size of the
resulting crater from a single micro-EDM discharge can be predicted from the morphology of the melt-pool
is described.
Chapter 5 describes the development of micro-EDM machine tool and experimental validation of the
micro-EDM models described in Chapter 3 and Chapter 4. The chapter begins by listing the design require-
ments for the micro-EDM testbed. Topology of the machine tool is then described. Design of a single pulse
discharge circuit used to conduct single discharge micro-EDM operations is detailed. Next, actuation and
control of the final micro-EDM machine tool is covered. The chapter then discusses experimental validation
of the preliminary micro-EDM plasma model using experimental data from the literature. This is followed by
experimental validation of the enhanced micro-EDM plasma model using measured electrical characteristics
of the plasma, such as discharge voltage and current. Lastly, validation of the micro-EDM melt-pool model
by comparing the volume of craters predicted by the model with experimental measurements is discussed.
Chapter 6 investigates role of electrical conductivity of the dielectric on the breakdown, plasma charac-
teristics and material removal in micro-EDM via modeling and experimentation. In order to obtain exper-
imental evidence of the effect of dielectric conductivity on micro-EDM process, the experiments have been
carried out first. The chapter begins with description of the experimental methodology. The experimental
results are then presented with discussion on the effect of dielectric conductivity on electrical breakdown
of the dielectric, electron density and temperature of the plasma as well as on the material removal. The
micro-EDM plasma model developed in chapter 3 is then employed to interpret the experimental results and
obtain theoretical understanding of the mechanism by which electrical conductivity of the dielectric affects
the dielectric breakdown and micro-EDM plasma characteristics. Model-predictions of the plasma tempera-
ture and electron density are compared with the experimental measurements. Simulation experiments are
conducted with inter-electrode gap and dielectric conductivity as simulation parameters to study effect of
these parameters on the plasma characteristics, namely, electron density, plasma temperature, heat flux to
anode, plasma resistance and total discharge energy.
Chapter 7 evaluates the influence of external magnetic field on melt-pool formation in magnetic field-
assisted micro-EDM. A melt-pool model with framework similar to that described in Chapter 4 is used and
discussed at the beginning of the chapter. Next, melt-pool during a typical micro-EDM discharge is simulated
at different levels of external magnetic field using the model. The effect of the magnetic field on the tempera-
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ture distribution, velocity distribution and morphology of the melt-pool is studied and discussed. A first-hand
explanation of how the Lorentz force generated by the magnetic field compares with the marangoni force in
melt-pool at different magnetic field strengths is provided.
Finally, Chapter 8 provides a summary of the work described in this thesis and lists significant conclusions
that can be drawn from this work. The recommended areas of future research are also proposed to develop
a more comprehensive model of the micro-EDM process.
9
Chapter 2
Literature Review
2.1 INTRODUCTION
This chapter provides a review of existing literature on the EDM process with emphasis on theoretical un-
derstanding of the process through process modeling. Rest of the chapter is divided into five sections. First,
a general overview of electro-discharge machining (EDM) is given including the basic process mechanism,
micro-EDM machine tools, micro-EDM circuits, micro-EDM configurations and applications, and commonly
used process parameters. Experimental characterization of EDM plasma is described next in order to pro-
vide insight into the nature of plasma generated during the EDM process. Modeling of the EDM process
describing modeling the plasma discharge and material removal in EDM is covered in the next section. Next,
attempts of productivity improvement in EDM are reviewed. Finally, a summary of the literature reviewed is
presented highlighting the gaps in the knowledge.
2.2 OVERVIEW OF EDM
2.2.1 Basic Principles of the EDM Process
The basic principle of the EDM process remains same at macro vs micro-scale. In EDM, electrical discharges
are created in a small, dielectric-filled gap between two electrodes to create a plasma channel and remove
the material from the electrode surface with the thermal energy given by the plasma [17, 32]. By using
different materials for the tool and workpiece electrodes, a higher material removal rates can be achieved at
the workpiece than the tool. Many such discharges are created at one location of the workpiece to remove
significant amount of the material from the workpiece over time.
Figure 2.1 shows different stages of a single EDM discharge along with the plot of voltage and current
conditions corresponding to each stage of the discharge. As shown in the figure, the discharge starts with
open gap voltage applied between the tool and workpiece electrodes separated by a gap in presence of a
dielectric. Once a sufficient concentration of electric field is reached in the inter-electrode gap, electrical
breakdown of the dielectric takes place and a conductive plasma channel is formed in the gap. As a result, a
current is established between the electrodes and the inter-electrode voltage drops. The plasma channel then
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expands in the gap and provides the thermal energy necessary to melt and partially vaporize the workpiece
material. When the voltage between the electrodes is tuned off, the current quickly drops and the plasma
is no longer sustained due to lack of electrical energy going into the gap. This creates a plasma implosion
with the surrounding dielectric liquid gushing in from all the sides and helps displace the molten material
at the workpiece surface in the form of small debris particles. Some of the molten material re-solidifies at
the discharge location, while the debris particles are flushed away from the discharge location by moving
stream of dielectric. Each such discharge occurs very rapidly in micro-EDM as the typical pulse-on times
used range from several hundred nanoseconds to several microseconds and duty cycles in the range of
60%-90% [33–35].
Figure 2.1: Principle of EDM process [36]
Liquid dielectric are predominantly used as the dielectric medium in EDM due ease of debris flushing
after the discharge. However, the electrical breakdown of liquid dielectric is not clearly understood as
compared to gaseous or even solid dielectrics [37]. Liquids are much denser compared to gases and may
include impurities in the form of dissolved gases (micro-bubbles) or solid particles, which plays a significant
role in the breakdown process making it complicated to understand [38]. Many investigation carried out
so far to understand the mechanism of breakdown in liquid dielectric can be divided in two schools of
thought. The first school favors the electron multiplication theory, which is an extension of mechanism
of gaseous breakdown [37–41]. In this theory, the electrons are assumed to be ejected from the cathode
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into the liquid by either a field emission or by the field enhanced thermionic effect (Shottky’s effect). The
electrons then accelerate in the presence of the electrical field ionizing the neighboring atoms and molecules
and resulting in an avalanche of electrons. This causes the breakdown of the liquid. This theory is also
called a ’streamer theory’. Figure 2.2 shows the mechanism of streamer formation in the inter-electrode
gap. Positive streamers form when gap distances are small and voltages are moderate (as in micro-EDM)
because the electron avalanche has not grown enough before reaching the anode to form a ionized region,
thus the streamer begins at the anode and grows towards the cathode once the avalanche reaches the
anode [2, 36, 42]. Negative streamers form when inter-electrode gaps are large and/or gap voltages are
high, where the initial electron avalanche grows to sufficient size before reaching the anode. The avalanche-
to-streamer transition occurs in the gap in this case and the streamer propagates towards both electrodes
simultaneously [2,36,42].
Figure 2.2: Streamer theory of electrical breakdown of liquids [36]
The second school of thought, however, assumes presence of impurities such as suspended polarizable
particles or gases in the form of micro-bubbles. These impurities experience a force in the presence of the
electrical field and are directed towards the place of maximum stress [37]. In the case of uniform electrical
fields, the movement of particles/bubbles is initiated by surface irregularities at the electrodes and give rise
to local electrical field gradient. Eventually, these impurities get accumulated in th electrode gap forming
a bridge from one electrode to the other. This leads to the breakdown of the liquid. When the impurities
are in the form of micro-bubbles, which is often the case, this breakdown mechanism is called the ’bubble
mechanism’.
It is though that the first mechanism (’streamer theory’) is associated with rapid (sub-microsecond) break-
downs under high electrical fields, while the second mechanism (’bubble mechanism’) is associated with low
electrical fields and slow growth of the bubble in the gap causing breakdown time in the order of microsec-
onds [43].
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2.2.2 Macro vs. Micro EDM
The mechanism of EDM process as explained in the previous section is fundamental same at macro and
micro-scale. However, micro-EDM differs from conventional (macro) EDM by use of low energy levels,
smaller electrode sizes, shorter pulse durations and sub-micron inter-electrode gaps [44]. The current trend
in the literature shows use of lower and lower energies to demonstrate fabrication of smaller and smaller
features by micro-EDM. It is seen that the values of discharge energies range from 5− 11000 µJ [23,45,46],
pulse-on times ranging from 0.01 − 16 µs [47] and inter-electrode gaps up to 10 µm. Another significance
difference between micro and macro EDM is also the size of the plasma channel. In macro-EDM, the size
of plasma channel is much smaller than the electrode diameter, but in micro-EDM it is comparable [32].
Using smaller discharge energies, micro-EDM process is able to remove material in sub-grain size range to
fabricate micro-parts with increased accuracy and control as compared to conventional EDM process.
2.2.3 Micro-EDM Machine Tools
Since micro-EDM uses narrow inter-electrode gaps (< 10 µm), short pulse-on times (< 10 µs) and smaller
tool electrodes, micro-EDM machine tools are different from conventional (macro-scale) EDM machines. To
control very small inter-electrode gaps and relative feed of the tool electrode with respect to the workpiece
during a machine operation, the motion platforms used in micro-EDM machine tools have sub-micron reso-
lution and accuracy of 1 µm or better [43]. Electro-mechanical or hydraulic systems are typically used for
motion control in ultra-precision 3-5 axis machine tools [2,48]. Schematic of a typical micro-EDM machine
is shown in Fig. 2.3 [49]. Commercial micro-EDM machine tools are available from a few international
agencies, such as Agie (Switzerland), Aurora Micro Machine Inc. (USA), Panasonic (Japan), Sarix (Switzer-
land), Pacific Controls (UAE) and Mikrotools (Singapore) etc. [43]. Capabilities of some of these commercial
machines are listed in Table 2.1. Different configurations of the micro-EDM machines are discussed later in
this chapter.
To maintain a proper inter-electrode gap for stability and quality of the micro-EDM operation, the micro-
EDM machine tools use advanced gap monitoring and control systems. The gap conditions are monitored
based on the voltage and current waveforms of the discharges. Figure 2.4 shows the voltage and current
waveforms of five discharge states in EDM, viz. open circuit, normal discharge, abnormal discharge (arcing
1 and arcing 2), and short circuit [17, 51, 52]. These states are monitored constantly via high-speed data
acquisition and the gap is adjusted for subsequent discharges in order to keep the discharge state at normal
discharge. As a result, the tool electrode feed in a micro-EDM process is not constant unlike conventional
milling or drilling processes, but adapts to the varying gap conditions.
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Figure 2.3: Schematic of a typical micro-EDM machine [49]
Table 2.1: Commercially available micro-EDM systems and their capabilities [50]
2.2.4 Micro-EDM Circuits
The micro-EDM machine tools are equipped with spark discharge circuits capable of supplying very small
energy pulses. This is achieved by using low voltage and current values and pulse-on times that are shorter
than a few microseconds. Two types of discharge circuits are commonly used in micro-EDM, Resistor-
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Figure 2.4: Voltage and current waveforms of EDM discharge states [51,52]
capacitor (RC) relaxation type circuit or transistor-based circuits [17, 53]. A typical RC relaxation circuit is
show in Fig. 2.5a. In RC relaxation circuit, a capacitor is charged through resistor, R, during the charging
cycle and then discharged through the inter-electrode gap. In such a discharge, the discharge duration, i.e.
the pulse-on time, and the discharge energy is determined by the value of the capacitor used. A transistor-
based pulse-generator circuit is shown in Fig. 2.5b. As shown in the figure, the transistor-based circuit uses
a series of resistors and transistors in parallel between the DC power supply and the inter-electrode gap. A
trigger voltage is supplied to the FET to switch it ON passing a current through the circuit. By removing
the trigger voltage after required discharge duration, the FET can be switched OFF [53]. Advantages of
a transistor-based circuit include uniform pulse-shape and control of pulse-duration and discharge current
during a machining operation [53]. However, delay associated with switching of FETs impose restriction on
how small pulse-duration can be used, thereby, restricting minimum discharge energy. On the other hand,
in RC relaxation-type circuit a very small capacitor can be used to achieve short pulse-durations, even up
to tens of nanoseconds, and thus, the energy going into each discharge can be controlled for reducing the
amount of material removed by each discharge. Therefore, transistor-based circuits are usually preferred
in conventional EDM (macro-scale), where higher material removal rates are required; while RC relaxation
circuits are commonly used in micro-EDM [17,53].
Jahan et. al [54] studied the influence of the two types of the circuits, RC-relaxation and transistor-based
and their parameters on the quality of the micro-holes machined by micro-EDM. It was observed that the
micro-holes obtained using transistor-type pulse generator, burrs are formed at the rim of the hole due the
recast layer deteriorating the surface quality. The surface quality was seen to improve by minimizing the
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(a) RC-relaxation circuit [17] (b) Transistor-based circuit [53]
Figure 2.5: Schematics of the two major types of circuits used in EDM
discharge energy of the transistor-type pulse generator, however, the process became unstable when using
voltage lower than 60 V. On the other hand, the micro-holes machined by using RC-type pulse generator had
better surface finish, good circularity and were free of burrs and recast layers. According Jahan et. al, the
improvement in the surface quality was due to lower energy per pulse achieved by RC-type pulse generator
using a low value of capacitance. It was also observed that the spark gap varied significantly with different
settings of voltage and resistance using transistor-type circuit, while in machining using RC-type circuit,
the spark gap was relatively stable across different settings of voltage and resistance. Another importance
observation was that the amount of taper in the micro-holes reduced resulting in better dimensional accuracy
when RC-type pulse generator was used as compared to the transistor-based circuit. In summary, the use of
RC-relaxation circuits have been shown to result in better surface finish, greater dimensional accuracy and
smaller debris size [2,54], which makes them the popular choice for micro-EDM machine tools.
There have been several attempts to modify the conventional RC-relaxation and transistor-based cir-
cuits for improving the machining characteristics. Figure 2.6a shows a circuit diagram for a ’transistor-type
isopulse generator’ [55], which is a modification of conventional transistor-type circuit. As seen from the
figur, the circuit acts as a conventional transistor-type circuit when points P1 and P2 are shorted and can
be used for roughing or semi-finishing operations. The pulse current is monitored to detect the discharge
instead of monitoring the gap voltage. When shorter pulse durations are required, the discharge current
needs to be cut off without the use of a pulse control circuit and gate drive circuit. This is achieved using
the circuit circled in Fig. 2.6a, which is activated by disconnecting points P1 and P2 immediately when dis-
charge occurs in the gap. When discharge occurs in the gap, Tr1, Tr2, and Tr4 are turned on because of
the discharge current, resulting in FET2 being turned off. Since FET2 is turned off, the discharge is stopped
and the discharge current becomes zero. Hence, Tr1, Tr2, and Tr4 are turned off and FET2 is turned on,
initializing the circuit autonomously [53].
Figure 2.6b shows a ’capacity coupled pulse generator’ circuit developed by Kunieda et. al [56] by
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modifying conventional RC-relaxation circuit. This circuit was developed specifically to obtain extremely
small machining rates for machining micro-rods smaller than 1 µm diameter. With capacity coupling method,
the influence of a stray capacitance in the circuit can be eliminated realizing extremely small discharge
energies. As shown in Fig. 2.6b, the system involves a tool electrode, a workpiece electrode and a separate
feeding electrode. Initially, a pulse voltage (V) is applied to between the feeding and tool electrodes that
are set a distance apart ensuring no conduction of electrical charge between them. When the voltage of
the pulse generator becomes V, the capacitances of both, the gap between the feeding electrode and tool
electrode (C1) and the gap between tool electrode and workpiece are charged. This creates a high intensity
electric field between the tool electrode and workpiece electrode causing a short discharge lasting not longer
than tens of nanoseconds [53].
Figure 2.6: Modification of conventional EDM circuits, (a) transistor-type isopulse generator for micro-
EDM [55] and (b) capacity-coupled pulse generator for nano-EDM [56]
Heinz et. al. [2] combined the RC-relaxation and transistor-based circuit to develop a new ’hybrid RC-
transistor’ circuit to exploit the advantages offered by both types of the circuits. The circuit is able to generate
short-duration, low-energy discharges suitable for micro-EDM. Fig. 2.7 shows the schematic of the circuit
developed by Heinz et. al. In this circuit, the duration of the capacitor discharge through the electrode
gap is controlled by using a metal oxide semiconductor field effect transistor (MOSFET). Both the MOSFETs
shown in Fig. 2.7 are in open-circuit condition across their drain (D) and source (S) terminals. This allows
the 1.1 µF capacitor bank to be charged by the 100 V DC power supply while preventing the current to
pass through the electrode gap. Once the capacitor bank is charged, a gate signal with required pulse-width
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is sent to both the MOSFETs shorting their drain and source connections only for the set pulse-width, and
allowing the capacitor bank to discharge through the electrode gap.
Figure 2.7: Schematic of a hybrid RC-transistor circuit for micro-EDM by Heinz et. al. [2]
2.2.5 Micro-EDM Configurations and Applications
Based on the electrode shapes, geometry of the machine axes and relative motion between the electrodes;
micro-EDM machines can be classified into different configurations. Different configurations can be used to
create different geometries of micro-parts for different applications. Some of the configurations along with
their applications are discussed in this section.
Die-Sinking Micro-EDM
Die-sinking micro-EDM is the most popular type of micro-EDM [53]. In die-sinking EDM, the tool electrode
with desired shape and geometry is used to form a corresponding negative shape in the workpiece. This
technique can be used to create complex shaped cavities on the workpiece in a single machining operation.
A schematic of die-sinking micro-EDM is shown in Fig. 2.8a and application of the process to make micro-
gears is shown in Fig. 2.9 [53].
Milling Micro-EDM
Milling micro-EDM is a process similar to mechanical micro-milling in which the material is removed layer by
layer to create desired complex shape or cavity except in milling micro-EDM, the tool does not make physical
contact with the workpiece like in mechanical micro-milling. In milling micro-EDM, a simple cylindrical tool
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Figure 2.8: Schematics of different micro-EDM configurations (a) die-sinking micro-EDM, (b) milling micro-
EDM [53], and (c) micro-WEDM [17]
Figure 2.9: (a) Micro die-sinking electrode for micro-mixing device made of fine-grained graphite ma-
chined [57], (b) fabricated micro-gear-electrodes, and (c) gear-array micro-structures by die-sinking micro-
EDM [53,58].
electrode rotating around its axis is often used to trace and scan the geometry and contour of a particular
layer removing the material. However, due to tool wear occurring between machining of each layer, the CNC
program coordinating the motion of tool with respect to the workpiece must compensate for the change in
the electrode shape. A schematic of milling micro-EDM is show in Fig. 2.8b and examples of micro-cavities
created by milling micro-EDM are shown in Fig. 2.10. [53].
Micro Wire EDM (Micro-WEDM)
Schematic of micro wire EDM (micro-WEDM) is shown in Fig. 2.8c. As shown in the figure, micro-WEDM
uses a continuously traveling thin wire as the tool electrode to cut through the workpiece. In most of the
micro-WEDM machines, the path of the wire is controlled by computer numerically-controlled (CNC) guides,
which can move independently to make tapered cuts of create complex shapes. An example application of
micro-WEDM to create micro-electrode array is shown in Fig. 2.11.
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Figure 2.10: (a) Micro-cavity in hot forming tool steel [57], (b) 1/8 ball in a square cavity [59], and (c)
small pyramid (L: 25 mm, W:25 mm, H: 35 mm, step size 7 mm) by micro-EDM milling [53,60].
Figure 2.11: (a)Schematic illustration of micro-electrode arrays using micro-WEDM, and (b) fabricated
micro-electrode array [53,61].
Micro Electro Discharge Grinding (Micro-EDG)
Micro electro-discharge grinding (Micro-EDG) is commonly used for fabrication of a micro-electrode using a
sacrificial electrode. Different configurations of micro-EDG, known as ’stationary block EDG’, ’rotating EDG’
and ’wire-EDG (WEDG)’ are show in Fig. 2.12. The stationary block setup as shown in Fig. 2.12a is simple
to implement, provides a smooth surface and it is used when the dimensional tolerances required are not
very stringent [53]. It can also be used to make non-cylindrical shapes. The rotating EDG, on the other
hand, can provide a better dimensional accuracy than stationary block EDG. Wire-EDG (WEDG) is typically
used to create very thin or high aspect-ratio electrodes. Figure 2.12d shows a new process called ’moving
block EDG’, which combines the advantages obtained by the stationary block EDG and rotating EDG. In
this technique, the block electrode is moved to-and-fro along the longitudinal axis of the block electrode to
distribute the electrode erosion uniformly over the block. This helps maintaining very good shape accuracy
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as well as smooth surface of the workpiece electrode. Figure 2.13 shows example micro-parts made using
micro-EDG process [53].
Figure 2.12: Schematic representation of different types of micro-EDG process (a) stationary block EDG, (b)
rotating EDG, (c) wire-EDG, and (d) moving-block EDG [53,60].
Figure 2.13: Examples of micro-electrodes obtained by micro-EDG process (a) 44.5 µm CuW electrode by
stationary EDG, (b) 45 µm W electrode by moving BEDG process [60], (c) 10 µm electrode fabricated by
micro-WEDG process [62], and (d) 4.3 µm diameter shaft by micro-WEDG process [63]
Micro-EDM Drilling
Micro-EDM drilling is used to ’drill’ blind or through micro-holes in the workpiece. For making single holes,
a rotating cylindrical tool electrode is used as shown in Fig. 2.14a [53]. Some of the challenges in deep-hole
drilling involve problems in electrode clamping, tool wear, and debris accumulation in the holes. To solve
the problem of thin electrode clamping, the tool electrode is fabricated on-machine by micro-EDG process
before the drilling and never re-clamped till the hole is machined [53]. To reduce the tool wear and debris
accumulation, a relative motion between the tool and workpiece in the direction other than axial direction
of the tool is added. This increases the tolerance between the tool and the workpiece wall making it easier
to flush out the debris. It also lowers the tool wear ration and increases machining accuracy [53]. Example
part machined using micro-EDM drilling is shown in Fig. 2.14b [53].
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(a) (b)
Figure 2.14: (a) Schematic of micro-EDM drilling process [64], and (b) 5 µm diameter holes in stainless
steel plate of 10 µm thickness by micro-EDM drilling [53,60]
Reverse Micro-EDM
In reverse micro-EDM, a micro-electrode array is fabricated from a larger diameter rod by using a plate with
pattern of micro-holes as the tool electrode. This is accomplished by reversing the polarity of electrodes such
that more material is eroded from the large diameter rod, i.e., the workpiece, as compared to the plate, i.e.,
the tool. Figure 2.15 shows schematic of reverse micro-EDM process and Fig. 2.16 shows a micro-electrode
array fabricated by reverse micro-EDM.
2.2.6 Process Parameters
The machining characteristics of micro-EDM process such as material removal rate, tool wear and process
accuracy depend on a number of controllable process parameters described in this section. Complex rela-
tionship of these process parameters on each other and mechanics of the micro-EDM process is shown in
Fig. 2.17 [2].
Open Gap Voltage, Peak Current and Discharge Energy
The voltage applied between the electrodes before the breakdown occurs is called ’open gap voltage’. Once
the dielectric in the gap undergoes electrical breakdown, a curent starts to flow between the electrodes. The
applied voltage along with the current in the gap determines the discharge energy going into each discharge
of a micro-EDM operation. Higher voltage and/or higher current increases the discharge energy, thereby,
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Figure 2.15: Principle of reverse micro-EDM, (a) fabrication of micro-hole using normal micro-EDM and (b)
fabrication of micro-electrode using reverse micro-EDM [53,65]
Figure 2.16: (a) Plate electrodes for reverse micro-EDM and (b) 5 × 5 array of multiple (diameter 35 µm,
length 1.5 mm) micro-electrodes machined by reverse micro-EDM [53,65]
increasing the MRR (material removal rate) of the process. Higher MRR may contribute to poor surface
roughness of the workpiece and higher tool wear [53]. Typically, a rectangular voltage pulse is used in
micro-EDM, however, different advanced circuits have been developed alter voltage and/or current shapes
for various functions [53, 66, 67]. Ideal voltage and current waveforms of two major circuit types, i.e., RC
relaxation type and transistor-based circuit are shown in Fig. 2.18.
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Figure 2.17: Micro-EDM process parameters and their effect on the machining characteristics [2]
Figure 2.18: Ideal voltage and current waveforms for (a) transistor-based and (b) RC relaxation type cir-
cuit [53,54,68]
Pulse Duration (or Pulse-width), Pulse Interval (or Pulse-off Time) and Duty Factor
Pulse duration or pulse-width is the time for which a single EDM discharge lasts, i.e. the time for which
the current is allowed to flow between the electrodes per discharge. Pulse duration is denoted in Fig. 2.18
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by ’Ton’. Along with the discharge voltage and current, pulse duration or pulse-width also determines the
amount of discharge energy going into each discharge. As the pulse duration increases, the discharge energy
increases causing increased material removal. Therefore, in general, longer pulse-widths cause broader and
deeper craters on the electrode surfaces, resulting in rougher surface finish [53]. Shorter pulse-widths can
be used to obtain fine surface finish.
Pulse-off time is the time between two successive discharges when there is no current flowing between
the electrodes. It is shown as ’Toff ’ in Fig. 2.18. Sufficient pulse-off time is required after each discharge for
the dielectric to de-ionize. It also allows molten material to solidify and debris created during the previous
discharge to be flushed away. Short pulse-of time can create unstable conditions for the machining, while
longer pulse-off time can increase total machining time but provide stable machining conditions [53].
Duty factor is a percentage of the pulse duration relative to the total cycle time, i.e., pulse duration +
pulse-off time. Generally, a higher duty factor means increased cutting efficiency [53].
Electrode Polarity
In EDM, the energy going into anode is usually greater than the energy going into the cathode [17, 53].
However, while using hydrocarbon oils as dielectric medium, a thick carbon layer is deposited on anode
that protects it from wear. Therefore, for conventional sinking EDM where pulse-durations are long, tool
electrode is given positive polarity (anode) and workpiece is kept negative (cathode) to minimize the tool
wear [17]. In micro-EDM, however, the pulse-durations are short and carbon layer is scarcely deposited on
the anode surface. Therefore, workpiece is used as anode and tool electrode is used as cathode. Due to more
energy reaching anode, higher material removal rates can be achieved in micro-EDM by keeping polarity of
the workpiece positive [53].
Tool Electrode Material
While choosing the electrode material in micro-EDM, it is important to ensure minimum wear of the tool
during the machining operation. Therefore, materials with high thermal conductivity, high melting and
boiling point are chosen as tool electrodes. This causes temperatures at tool surface to be lower than the
workpiece surface when equal amount of heat flux reaches both the electrodes, thereby, causing lower tool
wear.
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Dielectric Material
During the micro-EDM, both the electrodes are immersed in the dielectric medium where the plasma dis-
charge takes place. Besides providing medium for plasma discharge, the dielectric also helps flush the debris
from the inter-electrode gap and acts as a coolant [53]. For safer and controlled discharges, dielectric
medium with high flash point temperature and dielectric strength is preferred [53], while dielectric medium
with lower viscosity is preferred for better flushing and finishing [53].
2.3 EXPERIMENTAL CHARACTERIZATION OF EDM PLASMA
As explained in section 2.2.1, EDM is a thermal process in which the thermal energy and pressure causing
erosion at the electrode surfaces is supplied by the plasma channel created in the inter-electrode gap. There-
fore, understanding the plasma characteristics of the EDM process is critical to the understanding of material
removal in the EDM process.
Two of the important primary characteristics that are used to define a plasma are plasma temperature
and electron density. For a plasma in local thermal equilibrium (LTE), e.g. EDM plasma, these characteristics
are often obtained using ’optical emission spectroscopy’ (OES). OES involves recording of the intensity vs
wavelength spectrum of the light emitted from the plasma to estimate temperature and electron density
in the plasma. Typically such a spectrum exhibits intensity peaks at wavelengths corresponding to light
emission from the elements constituting electrode or dielectric material. The plasma temperature (T ) can
be calculated from a pair of spectral peaks of the same species with a significant level of excited energy using
the ’line pair’ method [29],
T =
E2 − E1
ln
(
I1λ1g2A2
I2λ2g1A1
kb
) , (2.1)
where, En [cm( − 1)] is the excitation energy of spectral line n, kb [cm( − 1)K( − 1)] is the Boltzman
constant, In is the intensity of the spectral line n from emission spectrum, λn [nm] is the wavelength of line
n, gn is the statistical weight of spectral line n, and An [s( − 1)] is the transitional probability of line n. The
values of all the parameters in Eqn. 2.1 except intensities In can be obtained in the literature [69]. Values
of the intesities are obtained from the experimental spectrum.
In a non-ideal, dense plasma like EDM plasma, a strong Stark broadening and shift of spectral lines is
typically observed, especially on Hα line [29] when oil or water-based dielectric is used. Electron density of
the plasma can be correlated directly to full-width half-maximum (FWHM) of the Hα line (656.28 nm) due
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to broadening [29],
Ne = 8.8308× 1022(∆λw)1.6005, (2.2)
where, Ne [m( − 3)] is the electron density and ∆λw [nm] is the FWHM of the Hα line.
Once the plasma temperature and electron density are available, more plasma characteristics like cou-
pling factor (Γ), mean inter-particle distance and the Debye length (λD) can also be estimated [29]. The
coupling factor (Γ) describes the ratio of the potential energy of Coulomb interactions between the particles
to the thermal energy of the particles in the plasma. If Γ << 1, the plasma is considered to be ’ideal’. In an
ideal plasma, all the particles in the plasma are free to move and have minimal electrostatic interactions. On
the other hand, for a non-ideal plasma (Γ ≤ 1) or a strongly coupled plasma, the inter-particle distances are
very small, which leads to high electrostatic interactions between particles [2].
The Debye length of the plasma (λD) is the distance over which the charge shielding occurs. When
the Debye length is significantly larger than the mean inter-particle distance in the plasma, the electrostatic
interaction is limited to the Debye sphere (a sphere with Debye length as the radius) that contains many
particles. The particles out side the Debye sphere feel no electrostatic effect of the particles inside the
sphere. This happened in an ideal plasma. For non-ideal plasma, the Debye length is comparable to the
mean inter-particle distance indicating strong electrostatic interaction between nearly all the particles.
One of the most comprehensive study of the EDM plasma was carried out by Descoeudres et. al. [29].
They employed high-speed imaging and optical spectroscopy to obtain temporal as well as spatial charac-
teristics of during a conventional (macro-scale) EDM discharge. Figure 2.19 shows the experimental setup
used by Descoeudres et. al. As seen from the figure, an endoscope consisting of 30000 fibers was directly
immersed in the dielectric capturing the light emitted by the plasma discharge. The endoscope was attached
to a high-speed CCD camera for imaging and recording of optical emission spectra.
Figure 2.19: Experimental setup used by Descoeudres et. al. [29] for time- and spatially-resolved spec-
troscopy
27
Figure 2.20 shows time-resolved spectra obtained by Descoeudres et. al. during an EDM discharge
between a pair of copper and steel electrodes immersed in water. It can be observed from the figure that
all the spectral lines are completely merged during first 400 ns after which their shapes start to appear.
Strong broadening effect can be seen between 400 ns and 1 µs, which reduces afterwards. This broadening
is caused by degeneracy of the atomic lines, due to high plasma density [29]. Extreme densities ’destroy’
the upper energy levels of the atoms, and the free-bound radiation becomes more important than line
radiation [70, 71]. Time- and spatial distribution of the electron density and electron temperature in the
EDM plasma is presented in Fig. 2.21 suggesting that both, electron density and temperature, decrease as
the discharge progresses. The spatial profile measurements reveal homogeneity pf the plasma characteristics.
Using these experimental measurements, Descoeudres et. al. [29] found the mean electron temperature of
the plasma to be 8100± 1750 K and electron density in the range of 1016 − 1018 cm−3.
Figure 2.20: Time-resolved spectra obtained by Descoeudres et. al. [29] for Cu as tool electrode, steel as
workpiece and water as dielectric
Kojima et. al. [72] successfully captured the evolution of EDM plasma using high-speed imaging and
were able to study the effect of EDM process parameters such as discharge current and electrode gap on the
size of the plasma. Figure 2.22 shows the images of EDM plasma obtained by Kojima et. al. across discharge
time, dishcarge currents and electrode gaps. Figure 2.22a depicts the expansion of the plasma diameter
versus time. Figure 2.22b shows the effect of discharge current on the plasma diameter suggesting that
the plasma diameter increases with an increase in the discharge current. Further, diameter of the plasma
increases with an increase in the inter-electrode gap distance as shown in Fig. 2.22b.
While the aforementioned experimental studies reveal the plasma characteristics of a macro-scale EDM
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Figure 2.21: Time- and spatial distribution of (a) electron density and (b) electron temperature in EDM
plasma obtained by Descoeudres et. al. [29] with Cu as tool electrode, steel as workpiece and water as
dielectric
Figure 2.22: Images of (a) EDM plasma diameter vs time, (b) EDM plasma diameter vs discharge current,
(c) EDM plasma diameter vs inter-electrode gap distance as measured by Kojima et. al. [72]
plasma, not much research has been conducted on the characterization of micro-EDM plasma. With micro-
second/sub-micro-second pulse-durations, micron sized inter-electrode gap distances and small discharge
energies producing low intensity emissions; measurement of plasma parameters in micro-EDM remains a
challenging task [73]. One of the very few attempts of micro-EDM plasma characterization was made by
Nagahanumaiah et. al. [73]. They used optical emission spectroscopy technique to measure plasma temper-
ature and electron density for a combination of machining parameters, i.e., capacitance, electrode size, gap
voltage, discharge current and gap distance in micro-EDM process as shown in Table 2.2. The experimental
setup involved titanium and tungsten carbide as the electrode materials and deionized water as the dielec-
tric. Figure 2.23 reveals the effect of machining parameters on the average Grey rational grade calculated
from Grey rational analysis of the experimental data. It is seen from the figure that the electrode size has a
significant influence on the micro-EDM plasma. A smaller electrode has a high resistance and smaller area
for heat dissipation and therefore, produces higher plasma temperature than a larger electrode. Plasma
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temperature and density increase with an increase in the spark gap. According to Nagahanumaiah et. al.,
a smaller gap leads to discharge over a longer period leading to arcing and therefore, reduction in temper-
ature. Figure 2.23 also suggests that a lower value of capacitance is better for high plasma temperature. It
is believed by Nagahanumaiah et. al. that charging and discharging occur faster for a lower capacitor, thus,
leading to more discharges in a given time period. Increase in the gap voltage is also seen to increase the
plasma temperature due to higher discharge energy.
Table 2.2: Electron density and plasma temperature results for different machining conditions [73]
Figure 2.23: Effect of machining parameters on micro-EDM plasma characteristics [73]
2.4 MODELING OF EDM PROCESS
As explained in section 2.2.1, each discharge of the electro-discharge machining operation can be divided
into different stages, namely, pre-breakdown, breakdown, discharge, end of the discharge and post-discharge
stage. Understanding of each of these stages involves knowledge of several disciplines of science and engi-
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neering [43]. As a result, a comprehensive model explaining every detail of EDM process does not exist in
literature. However, there are some aspects of the process that have been analyzed and modeled by many
researchers, both at macro and micro-scale. These are discharge initiation and stabilization phenomena dur-
ing pre-breakdown and breakdown stages, gradients of electric field within inter-electrode gap, dynamics
(shape) of the plasma and its effects on the cathode and anode erosions (material removal) [43].
A comprehensive understanding on the modeling of the EDM process, both at macro and micro scale, is
presented in this section. Since, modeling of the electric discharges in EDM was initially attempted by re-
searchers based on their understanding of gas discharges, breakdown in liquids and underwater sparks/explosions [39,
43, 74]; a review of literature on modeling of electrical discharges in liquids similar to EDM discharges is
presented first. This is followed by a literature review of plasma modeling in EDM. Finally, current under-
standing on modeling of electrode erosion and material removal during the EDM process is covered.
2.4.1 Modeling of Electrical Discharge in Liquids
Electric discharges in liquid dielectric occur in a number of disciplines ranging including water purification,
ozone production, plasma medicine and underwater sparks that serve as an alternative to underwater ex-
plosives. The physical and chemical processes occurring in above-mentioned applications are similar to the
processes involved in the EDM process except that the input energy supplied to the electrodes and the elec-
trode gap distance are much higher compared to the EDM process. The representative work in this category
includes the models developed by Cook et. al. [75], Lu et. al. [76], Timoshkin et. al. [77] and Zhao et.
al. [78].
Cook et. al [75] described the time-evolution of a high-pressure plasma/vapor bubble created using an
underwater spark discharge. An underwater spark discharge is typically created by discharging a capaci-
tor across an underwater electrode gap. Cook et. al. assumed that the contents of the spark-generated
plasma/vapor bubble were homogeneous and in thermodynamic equilibrium. The model also assumed that
the water vapor inside the bubble obeyed ideal gas law till it dissociates due to the high temperatures.
The bubble dynamics, i.e., the evolution of the bubble radius, was modeled using the sets of equations
developed by Lezzi and Prosperetti [79, 80] as perturbation solutions of the partial differential equations
governing motion in a compressible liquid [75]. The model also accounted for the role of thermal radiation
in energy transport out of the bubble using the attenuation properties of water as function of wavelength.
The emissivity of the bubble contents was determined using a frequency-averaged mean-free path inside
the bubble. As the dynamics of the bubble is affected by the rate of condensation and evaporation effects,
mass flow from evaporation and condensation was modeled by Cook et. al. according to the kinetic theory
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equation for mass flow developed by Schrage [81]. Finally, these equations were coupled with the energy
balance equation to solve for the pressure, temperature and radius of the bubble describing its evolution
during the discharge. Figure 2.24 presents the plots of the acoustic signatures predicted by Cook et. al.’s
model at various spark energies in comparison with the corresponding experimental data. The plots show a
reasonably good agreement between the model and the experiments over the ranges of energies examined.
(a) Spark energy: 9.5 kJ, Electrode depth: 55 m (b) Spark energy: 19 kJ, Electrode depth: 55 m
(c) Spark energy: 49 kJ, Electrode depth: 55 m (d) Spark energy: 62.5 kJ, Electrode depth: 55 m
Figure 2.24: Acoustic signatures of underwater sparks predicted by Cook et. al in comparison with the
experimental data [75]
Lu et. al. [76] used a similar approach as Cook et. al. [75] in their modeling of pulsed discharge of
water. The set of governing equations used by Lu et. al. included (i) Kirkwood-Bethe equation to determine
the bubble growth, (ii) energy balance equation, (iii) a thermal radiation model accounting for free-free,
bound-free and bound-bound transitions, (iv) a dissociation equilibrium equation to account for dissociation
of water molecules into different atoms and ions, (v) a mass flow model accounting for the mass influx from
heating of the water outside bubble wall by absorption of thermal radiation and the mass exchange caused
by evaporation and condensation, and (vi) an acoustic propagation model relating pressure to the radius
and specific enthalpy of the plasma bubble. The model was validated by comparing the model-predictions
of time-varying pressure of the bubble to the experimental measurements.
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Using the model, Lu et. al. were able to describe the evolution of a typical underwater discharge as
depicted by Fig. 2.25. Fig. 2.25a shows that the maximum velocity of the bubble reaches 210 m/s and the
delay time of the shock wave peak pressure is the time it expands to travel 0.3 m. Partition of total input
power into power of the mechanical work exerted by the bubble on the surrounding water, thermal radiation
power and the energy loss power caused by condensation are plotted in Fig. 2.25b. The figure shows that
about 45% of the input energy is used for doing mechanical work, 15% of it is transferred into shock waves
and 12% is lost by thermal radiation after 10 ms of the discharge initiation. As shown in Fig. 2.25c and
Fig. 2.25d, the maximum temperature and pressure of the plasma reach 2×104 K and 860 atm, respectively.
Under these conditions, the plasma behaves almost like a blackbody with emissivity of 0.9. Fig. 2.25d also
shows that the water in the bubble is almost dissociated when the temperature reaches its maximum. At
that stage, using the ionization ratio, the model predicts value of electron density to be 4× 1025 m−3.
During an underwater discharge, the resistance of the narrow plasma channel has a relatively large
value in the beginning and decreases significantly as the discharge progresses. The resistance of the plasma
channel determines both the amount of energy that is dissipated in the cavity and the efficiency of the
transformation of the electrical energy into radiated, pulsed acoustic energy. Information on the transient
resistance of the plasma channel is important in the design of water-dielectric switches as it allows the eval-
uation and reduction of the energy dissipated in the switches and allows performance of the switch to be
predicted [77]. However, rapid collapse of voltage during a discharge together with the problems of sepa-
rating resistive and reactive components of the spark channel impedance makes it difficult to experimentally
measure the plasma channel resistance during a discharge. To solve this problem, Timoshkin et. al [77]
proposed a model-based approach to describe the dynamic resistance of the plasma channel generated by a
high voltage spark discharge in water. The model uses a simplified version of the energy balance equation for
the plasma channel in terms of the electrical power deposited in the channel by Joule heating mechanism.
The estimation of plasma resistance is made by an empirical expression relating the resistance to its internal
energy. To estimate the pressure at the plasma-water interface, equation of continuity and motion in spher-
ical geometry is used. The pressure is further used to describe the radius of the plasma channel using an
analytical equation of the expansion-collapse phase of the transient gas-filled cavity in a non-compressible
liquid (Rayleigh approach) [77].
Figure 2.26a presents the predictions of plasma resistance and current according to Timoshkin et. al.’s
model as well as the experimental measurement of the current. It can be seen from the figure that the
model predictions of plasma current match reasonable well with the experiment. Also, the resistance of the
plasma reduces significantly from few Ohms to ≈ 30 mΩ during first quarter of the discharge period. Using
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Figure 2.25: Model-prediction of underwater discharge characteristics by Lu et. al. [76] with initial voltage
of 104 V , capacitance of 4.1 µF , inductance of 3.8 µH and resistance of 75 mΩ
the model, Timoshkin et. al. calculated the minimum plasma channel resistance occurring at the point of
maximum discharge current as a function of discharge energy, which is presented in Fig. 2.26b. The figure
shows that the values of minimum resistance decrease with increasing input energy of the discharge.
Zhao et. al. [78] used the model published by Lu et. al. [76] with some modification to model the
influence of high ambient pressure and salinity conditions on the behavior of an underwater spark discharge
for deep sea applications. To account for the effect of salinity of water, the inter-electrode gap resistance was
divided into two parts, one was the resistance of the plasma channel and the other was the resistance of the
surrounding liquid that depends on the salinity of the water. The model also accounted for the the effect of
high ambient pressure in using the Kirkwood-Bethe approximation for simulation of plasma bubble growth.
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Figure 2.26: (a) Current waveforms obtained using Timoshkin et. al.’s model for 609.5 J discharge, I(t),
solid line; and from experimental measurements, I(t)exp, dashed-dotted line. Rpl(t) represents model pre-
diction of plasma channel resistance; (b) Model-prediction of minimum plasma channel resistance as a
function of discharge energy [77]
Figure 2.27 shows effect of the salinity on the characteristics of the underwater spark-generated plasma
bubble, i.e., bubble radius, bubble wall velocity, pressure, instantaneous input power to the bubble from
the power circuit, temperature inside the bubble, and radiation power loss. the figure shows that although
the bubble radii are almost identical for all three salinity conditions, the wall velocity at the beginning of
the discharge is higher for the sea water. The trend of the pressure is same as that of the wall velocity.
Figure 2.27d shows the variation of instantaneous input power from the power circuit for different salinity
conditions, suggesting that the peak power is highest for the case of salted water. Temperature comparison
plotted in Figure 2.27e reveals sudden increase in the temperature for all salinity conditions, although the
sea water case has higher temperature at the beginning of the discharge. Finally, Figure 2.27f shows that
the radiation power loss increases with salinity.
The effect of ambient pressure on the characteristics of the plasma bubble as predicted by Zhao et.
al. is shown in Figure 2.28. The figure shows that the deeper the spark occurs (i.e., ambient pressure
increases), smaller is the bubble radius and shorter is the bubble cycle. In general, the comparison of the
bubble characteristics at different ambient pressures indicates that a large ambient pressure prevents the
vapor bubble from expanding limiting the development of temperature, pressure and system energy as in
the atmospheric pressure case [78].
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Figure 2.27: Model-predictions of (a) bubble growth and decay, (b) wall velocity, (c) pressure, (d) input
power, (e) temperature and (f) radiation power as a function of time normalized by the first bubble period
(shown in the legend) under different salinity conditions according to Zhao et. al. [78]
Figure 2.28: Model-predictions of (a) bubble growth and decay, (b) wall velocity, (c) pressure, (d) input
power, (e) temperature and (f) radiation power as a function of time normalized by the first bubble period
(shown in the legend) under different ambient pressure conditions according to Zhao et. al. [78]
2.4.2 Modeling of EDM Plasma
Two major approaches to model the plasma channel in EDM can be found in the literature [43], fluid
dynamics approach [19,24–26] and kinetics approach [21]. The fluid dynamics approach uses equations of
fluid dynamics, heat transfer and equation of state to obtain description of the plasma at a given instant.
On the other hand, in the kinetic approach, the distribution of various species (electrons, ions and neutral
particles) is analyzed to model the interaction of plasma with the electrodes. Review of these modeling
studies is discussed in this section. It should be noted that most of the models [19,21,24,25] discussed here
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have been developed for plasma channel in a conventional EDM (macro-scale) operation, while only one
attempt [26] has been made to model micro-EDM plasma.
One of the first models of EDM plasma was proposed by Eckman and Williams [24]. Their model used
Navier-Stokes equation for incompressible-fluid flow in cylindrical coordinate system to describe radially
expanding plasma column in electrode gap immersed in liquid nitrogen dielectric. Resistivity of the plasma
was estimated from Spitzer formulation as a function of electron density and electron temperature assuming
the plasma to be in local thermal equilibrium (LTE). The electric field and current densities in the electrode
gap were assumed to be spatially uniform and were used to estimate the energy input to the plasma channel.
Ionization equation was used to relate the electron density to the total density of the plasma. By solving these
equations simultaneously, Eckman and Williams predicted radius, pressure, electron density and electron
temperature for different discharge currents (I) and different heat loss coefficients that account for the
heat loss from the plasma by conduction into the electrodes. These plasma characteristics are plotted in
Fig. 2.29. It can be seen from the Fig. 2.29a that an increase in the discharge current increases the rate of
growth and the maximum value of the discharge column radius. Similar trend is observed with the pressure.
Figures 2.29c and 2.29d suggest that the electron density and temperature also increase with the increase in
the discharge current. The final value of electron temperature, however, decreases with the increase in the
heat transfer constant (h1).
Figure 2.29: Model-predictions of (a) radius of plasma discharge column and a curve of measured crater
radius, (b) pressure, (c) electron density, (d) electron temperature for various currents (I) and heat-transfer
constants (h1, h2) according to Eckman and Williams [24].
Eubank et. al. proposed one of the first comprehensive models of EDM plasma addressing many complex
phenomena such as variable mass of the plasma column that were absent from the previous models. The
model includes three differential equations, i.e., fluid dynamics, energy balance and the radiation equation,
combined with a plasma equation of state [25]. The fluid dynamics equation is obtained by combining the
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continuity equation with the momentum equation in a cylindrical coordinate system and results in following
equation involving plasma radius, time and pressure,
(
dRp
dt
)2 [
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+
1
2
(
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− 1
)]
+Rp
(
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)
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ρ0
)
. (2.3)
Here, Rp is the plasma channel radius, Pf is ambient pressure, P is the plasma pressure, ρo is the liquid
density and Rf is at least as large as the outer radius of the liquid in the gap.
To account for the variation in temperature, pressure and mass of the plasma, a simple unsteady state
energy balance equation was used by Eubank et. al., as given below,
UIFp = (H −H0)
(
dm
dt
)
+m
(
dH
dt
)
. (2.4)
This equation uses a fixed fraction (Fp) of the total electrical energy going into the discharge for given
gap voltage (U) and current (I) to balance the energy required to vaporize plasma mass (m) by radiation
and energy going into changing the average plasma enthalpy (H) by increasing the temperature. H0 is the
enthalpy of the ambient dielectric. Assuming the plasma to be a blackbody, the radiation rate of heat transfer
across the plasma/liquid interface was given as,
(H −H0)
(
dm
dt
)
= (2piRpb)(aRσT
4), (2.5)
where, b is the inter-electrode gap distance, absorptivity aR is assumed to be unity, σ is Stefan-Boltzmann
constant and T is plasma temperature.
During a discharge, the temperature and pressure reached inside a plasma are very high causing the
dielectric liquid to dissociate and ionize into a number of ionic/neutral species. The variation of the prop-
erties of the liquid dielectric was incorporated by Eubank et. al. using a subroutine that gives enthalpy,
H(P, T ), and density, ρ(P, T ) for any given pressure and temperature. Further, the plasma was assumed to
be a perfect gas mixture with equation of state given as,
P =
λTρ
216.70
, (2.6)
where, λ is a multiplier providing the average number of particles present in the plasma per molecule of
water originating at ambient conditions.
Table 2.3 shows model-predicted time-transient description of an EDM plasma according to Eubank et.
al. The table lists plasma radius, temperature, pressure, mass, density, enthalpy and electron fraction. Using
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the plasma model estimations of the plasma temperature in the range of 10,000 to 50,000 K, Eubank et. al.
proposed ’superheating’ as a dominant mechanism for erosion at the electrode surfaces for the first time.
Table 2.3: Model-prediction of EDM plasma characteristics for current of 2.34 A according to Eubank et.
al. [25]
An alternative approach to modeling the EDM plasma was proposed by Singh and Ghosh [21], known
as the ’Kinetic Model’, which studies the distribution of various chemical species in a steady state plasma
and their interaction with surrounding boundaries like electrodes. The advantage of such a model is that
it accounts for a non-uniform electric field in the gap between the electrodes as shown in Fig. 2.30. The
modeling process proposed by Singh and Ghosh can be divided into two stages, plasma analysis and sheath
analysis [43]. Since the plasma region cannot accommodate the potential drop between the electrode, a thin
layer of charge is formed between the cathode and the plasma, known as plasma ’sheath’. A sheath is the
region that interacts with the electrode surface as shown in Fig. 2.30 and leads to material removal. While,
the plasma analysis provides the boundary conditions for the sheath analysis. To analyze the plasma region,
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Singh and Ghosh assumed the plasma to be quasi-neutral with electrons and ions following Boltzmann
distribution, given as,
ne(x
′) = n0exp(eφ(x′)/kTe), (2.7)
where, n0 is the reference electron density at infinity, Te is the electron temperature and ne is the electron
density as a function of x′ in the direction of voltage gradient as shown in Fig. 2.30. Further, Singh and Ghosh
used one-dimensional mass and momentum conservation equations (similar to Navier-Stokes equations) for
ions and electrons to arrive at the voltage (φ0) and common ion/electron density (n) at the sheath/plasma
interface.
φ0 = −(kTe/e)ln2, (2.8)
n = 1/2n0. (2.9)
Figure 2.30: Voltage between the electrodes [21]
The sheath region was also analyzed in a similar fashion by Singh and Ghosh using momentum equation
for individual particles, Poisson’s equation for electric field in the sheath region and the potential boundary
condition obtained from the plasma region analysis. The electric field (E) in the sheath region as a function
of distance was given by Singh and Ghosh as,
E2(x) =
4
0
nsee(φ0φw)
1/2, (2.10)
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where, φw is the cathode potential and nse is the common ion/electron density at sheath/plasma inter-
face. Using the calculations of electric field and potential distribution in the gap between the electrodes,
Singh and Ghosh further proposed a model of material at cathode using electro-mechanical theory, which is
discussed later in Section 2.4.3.
The models of EDM plasma discussed so far in this section were developed for a conventional (macro-
scale) EDM. Although, the physical and chemical phenomena during a plasma discharge remain same at
macro vs micro-scale, some modification are required to adopt the existing macro-EDM models at micro-
scale. In all the aforementioned models, the EDM plasma is assumed to dissipate a fixed heat flux to
the electrodes to effect the material removal. It is believed that such simplifications may not be valid for
micro-EDM with RC-based discharge circuit due to nonuniform discharge of the capacitor [26]. Also, inter-
electrode gaps in micro-EDM are much shorter as compared to conventional EDM, which can change the
material removal characteristics of the process [26]. It is observed that results of the EDM models are
accurate only for long discharge durations and high current values, however, they do not agree well with
experimental results at short pulse durations and low currents typically used in micro-EDM. Therefore, a
separate analysis of sub-stages of a plasma discharge specific to micro-scale is required to model a micro-
EDM plasma.
So far, there has been a lack of efforts in modeling micro-EDM plasma. The only model of micro-EDM
plasma existing in the literature was proposed by Dhanik and Joshi [26]. Dhanik and Joshi combined
approaches used by Eubank et. al [25], and Singh and Ghosh [21] to develop a comprehensive model for
micro-EDM plasma. The model consisted of modeling of breakdown phase, plasma phase and a heating
phase leading to material removal. The unique feature of Dhanik and Joshi’s model was modeling of the
breakdown phase of micro-EDM, which was never attempted before. The model assumes a combination
of the bubble mechanism and the electron impact ionization mechanism (refer to Section 2.2.1) to explain
the breakdown process in micro-EDM. A schematic of the breakdown mechanism considered by Dhanik and
Joshi is shown in Fig. 2.31. As shown in the figure, a pre-breakdown current is emitted from the micro-
peaks on the cathode surface. Due to the heating caused by this current, a small vapor bubble is nucleated
at the micro-peak and grows until it satisfies the criteria of electron impact ionization mechanism. The
bubble then expands very rapidly towards anode leading to a plasma channel [26]. Dhanik and Joshi used
Fowler and Nordheim equation [82] to calculate the pre-breakdown current as a result of emission from
the cathode. Given the pre-breakdown current, the heat equation relating the power density at micro-peaks
combined with expression for nucleation rate per volume and Clausius-Clapeyron equation for nucleated
bubble pressure was used to calculate the growth of a spherical bubble in the electrode gap.
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Figure 2.31: Schematic of the breakdown process in micro-EDM proposed by Dhanik and Joshi [26] showing
(a) emission of pre-breakdown current and heating at micro peaks, (b) bubble nucleation at micro-peak,
(c) reaching electron impact criteria at bubble interface, (d) bubble elongation towards anode, (e) bubble
abridged the inter-electrode gap and fully developed plasma channel at the end of the breakdown phase
In modeling of the heating phase, a variable mass model similar to the one used by Eubank et. al. [25]
was used by Dhanik and Joshi to model micro-EDM plasma. However, unlike Eubank et. al., the power
distribution between the plasma and the electrodes was derived from the first principles instead of assuming
a fixed fraction of power shared between them. The energy transfer from cathode and anode from the micro-
EDM plasma was addressed using two mechanisms, radiation and ion/electron bombardment. In order to
calculate the portion of energy transfer to the electrodes by ion/electron bombardment, Dhanik and Joshi
carried out analysis of plasma and sheat region similar to Singh and Ghosh [21]. The analysis was used to
calculate the influx of ions and electrons and their energy at the electrode surface giving the value of total
heat flux at the electrodes. The results of the model-predicted characteristics of a typical micro-EDM plasma
are presented in Table 2.4 showing plasma radius, temperature, pressure, enthalpy, density and electron
density as a function of time.
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Table 2.4: Model-prediction of micro-EDM plasma characteristics according to Dhanik and Joshi [26]
2.4.3 Modeling of Electrode Erosion or Material Removal in EDM
Once a plasma channel is established in the inter-electrode gap during the EDM process, heating of the elec-
trode starts leading to material removal. Unlike EDM plasma models, numerous models predicting material
removal in EDM exist in the literature [11, 18–22, 25, 83, 84]. In general, these models can be categorized
into three categories based on the material removal mechanism, viz. electro-thermal model [11,20,22,25],
electro-mechanical model [21,83] and more recent, melt-pool model [23]. Some of the representative work
in each of these categories is reviewed in this section.
Electro-thermal Model
Electro-thermal mechanism is by far the most popular and wide accepted mechanism of material removal
in EDM. Electro-thermal mechanism suggests that the material removal in EDM occurs due to melting or
evaporation as a result of extremely high temperatures reached at the electrode surfaces. The high tempera-
tures are caused by the plasma generated in the electrode gap carrying a high-intensity current. In general,
approach of an electro-thermal model is to solve a heat transfer equation in the electrode domain to solve
for the temperature distribution with heat flux from the EDM plasma as a heat flux. Typically, the plasma
heat flux is estimated using empirical relationships or as a fraction of input electrical power going into a
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discharge. Further, to estimate the material removal, it is assumed that the electrode material heated above
the melting-point is completely removed after the discharge.
Snoeys and Van Dijck [85] used a disk heat source to simulate the plasma heat input to the cathode
surface. Fig. 2.32a shows schematic of the domain and boundary conditions used by the model. The amount
of heat was calculated from the input electrical energy assuming that the fraction of energy transferred to
cathode is 50%. Based on these assumptions, temperature distribution (T) in a cylindrical domain was given
as,
T (r, z, t) = T0 +
∞∑
n=1
cn
2λn
J0(λnr)e
λnz
[
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2
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(2.11)
where, T0 is ambient temperature, J0 is Bessel function of the first kind of zero order, erf is the error
function and cn is given as,
cn =
2qrcJ1(λnrc)
Ktλnr20J
2
a(λnr0)
. (2.12)
Here, J1 is Bessel function of the first kind of first order, r0 is the radius of insulated surface of the work-
piece and the roots of λn are determined by J0(λnr0) = 0 for n = 1, 2, 3, ..... The temperature distribution
predicted by Snoeys and Van Dijck’s model for voltage of 25 V, current of 12.8 A, discharge duration of 42 µs
is shown in Fig. 2.32b [11].
Patel et. al. [20] also used a disk shaped heat source to predict the material removal from anode.
However, a Gaussian-distribution as a function of radius was imposed on the heat flux. To calculate the
value of the heat flux, a constant fraction of the total power (8%) independent of current, pulse-duration
or inter-electrode gap was assumed to be supplied to the anode during the plasma discharge. Figure 2.33
shows model-predicted erosion rates as a function of time for a copper anode at different discharge currents.
It is clear from the figure that the anode erosion rate in initially high but decreases after some time.
Yeo et. al. [11] adopted the approach used by Snoeys and Van Dijck to model the material removal in
micro-EDM at both anode and cathode. However, they calculated the fraction of total energy given to anode
and cathode by iterating the model-predictions to agree with the experimental data. It was found that 39%
of the total energy is given to anode, while 14% energy is given to cathode. After the calibration, the model
was used to study the effect of discharge energy on the dimensions and the volume of the crater on anode
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Figure 2.32: Snoeys and Van Dijck’s EDM model, (a) domain schematic [85], (b) temperature distribution
at the cathode surface (AISI 4140) for voltage of 25 V, current of 12.8 A, discharge duration of 42 µs [18]
Figure 2.33: Model-prediction of erosion rates for a copper anode under different current conditions accord-
ing to Patel et. al. [20]
and cathode.
Electro-mechanical Model
An electro-mechanical model of material removal in EDM is based on the one-dimensional electric field
modeling as proposed by Singh and Ghosh [21] and uses the mechanical stress caused by the electric field
on the surface of the electrode to estimate material removal by yielding. Using the calculations of potential
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and electron/ion density in the electrode gap by analyzing the plasma and sheath region, surface stress (σ)
at the cathode is estimated to be,
σ = 4nsee
√
(φ0φw) (2.13)
where, φ0 is the reference potential at infinity, φw is the potential at cathode surface and nse is the
electron/ion density at plasma-sheath interface. Using this expression of stress, a stress distribution inside
the electrode is estimated and depth at which the maximum stress exceed the yield strength is estimated as
the crater depth. Figure 2.34 shows a plot of crater depths vs discharge duration predicted by Singh and
Ghosh at different discharge currents. It is seen from the figure that the crater depth is independent of the
discharge duration at shorter discharges.
Figure 2.34: Model-prediction of crater-depth vs discharge duration at different discharge currents according
to Singh and Ghosh [21]
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Melt-pool Model
One of the limitations of the electro-thermal models is that they consider the electrode material to be solid,
while ignoring the hydrodynamics of the molten pool of material created at the electrode surface due to high
temperatures during a discharge. Therefore, several important physical phenomena such as the melt-pool
splashing, mechanism of vaporization, and formation of debris particles and ejection can not be accounted
for in an electro-thermal model. What is needed is to solving a system of coupled heat transfer and fluid flow
equations together to obtain temperature distribution and flow field of the molten metal. Such a modeling
approach is very common in other thermal processes like welding, laser machining etc.
Tao et. al. [23] proposed the first model simulating the melting of the material (steel) during a micro-
EDM discharge. The model presented understanding of material splashing, plasma bubble compression
and collapsing, and molten material material splashing and resolidification. To model the melting and
solidification of the electrode material, Tao et. al.’s model uses enthalpy-porosity method where the energy
balance equation is written in terms of the total enthalpy of the material accounting for the phase change
from solid to liquid. A volume of fluid method (VOF) comprising of five phases kerosene dielectric vapor,
air, kerosene dielectric liquid, molten steel and solid steel was used solve momentum balance equation for
each phase and track the volume fraction of each phase. The model also accounted for the pressure exerted
by the plasma bubble on the molten pool of material. Using a VOF method the collapse of the bubble was
modeled separately to estimate the boundary conditions for simulation of the dynamics of the molten metal.
Figure 2.35 shows the simulation of plasma bubble collapse and evolution of crater shape on the anode
surface. The figure also shows the phenomenon of melt-pool splashing and creation of debris particles due
to the bubble collapse. The model was further used by Tao et. al. to compare model-predicted crater shapes
in near-dry EDM using kerosene-air combination to the crater shapes in wet EDM. It was observed that the
near-dry EDM produces larger bu shallower craters as compared to wet-EDM. The model also estimated
decrease in the crater size with a decrease in the discharge energy. Furthermore, initial pressure of the
plasma bubble was found to influence the crater geometry as well.
2.5 METHODS OF PRODUCTIVITY IMPROVEMENTS IN MICRO-EDM
One of the major disadvantage of micro-EDM process is its low material removal rate (MRR), mainly due to
low energy efficient of individual discharges and accumulation of debris in the inter-electrode gap. Accu-
mulation of debris in the gap in micro-EDM causes arcing and abnormal discharge leading to lower material
removal rates, reduced machining accuracy and poor surface finish [3–5]. One of the overarching goals of
47
Figure 2.35: Model-based simulation of plasma bubble collapse and evolution of crater on the anode surface
according to Tao et. al. [23]
this research work is to explore paths of productivity improvement in micro-EDM by obtaining understand-
ing of the process mechanism. Several attempts have been made by researchers to improve the MRR of the
process by enhancing the material removal and debris flushing in micro-EDM using a variety of techniques
including parametric optimization, selection and modification of dielectric, dielectric flushing, tool electrode
rotation, addition of ultrasonic vibrations to the workpiece/tool and application of external magnetic field.
However, the literature pertinent to only three of the methods , i.e., parametric optimization, selection and
modification of dielectric, and application of the external magnetic field, since the modeling tools developed
in this research work are employed to study these specific methods of productivity improvements.
2.5.1 Parametric Optimization Studies
As discussed in section 2.2.6, there exist a large number of controllable process parameters, viz., gap volt-
age, discharge current, inter-electrode gap distance, tool feed, pulse-duration, duty cycle etc. influencing
the machining characteristics of micro-EDM process such as material removal rate, tool wear and process
accuracy. Therefore, conducting full-scale parametric optimization studies is extremely difficult and do not
exist in literature [2]. However, numerous partial studies exploring effect of a limited number of process
variables on the micro-EDM process have been conducted. It should be noted that these optimization studies
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remain valid only for the workpiece used in the study owing to thermal nature of the EDM process. [2].
Somashekhar et. al. [86] conducted micro-EDM drilling experiments on aluminum at various levels of
process parameters, i.e., gap voltage, capacitance, feed rate and spindle speed to study effect of these param-
eters on the material removal rate (MRR). The material removal rate was determined based on the volume
of the hole machined and the actual machining time required. Figure 2.36 shows the main effects of gap
voltage, capacitance, feed rate and spindle speed on MRR. As seen in the figure, the increase in gap voltage,
capacitance and feed rate result in the increase of MRR. Somashekhar et. al. attributed the increase in MRR
at increased capacitance to the corresponding increase in discharge energy per pulse when the capacitance
is increased. These experimental results were further used to develop an artificial neural network-based
model (ANN) and optimize the process parameters for maximum MRR using genetic algorithm (GA). The
optimum process conditions were estimated to be at 124.3 V gap voltage, 0.2 µF capacitance value, 9 µm/s
feed rate and spindle speed of 900 rpm.
Figure 2.36: Main effect of micro-EDM process parameters on MRR for aluminum machining according to
Somashekhar et. al [86]
Another experimental study by Zhang et. al. [87] reports the effect of discharge peak current (I), pulse-
duration (Ton), pulse-off time (Toff ), capacitance (C), electrode rotating speed (Ve) and servo reference
speed (Vs) on processing time (PT) (i.e., machining time) and tool wear (TW) during micro-EDM through-
hole drilling of an aluminum workpiece. To optimize the machining performance of micro-EDM process,
minimization of both, processing time and tool wear was attempted by first developing SVM-based (support-
ing vector machine) micro-EDM model and employing a multi-objective genetic algorithm (GA). Table 2.5
lists multiple parametric combinations resulting in minimum processing time and tool wear.
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Table 2.5: Optimized combinations of micro-EDM process parameters for machining aluminum according to
Zhang et. al [87]
Periyanan et. al [88] published their investigation on the effects of feed rate, capacitance and gap voltage
on the material removal rate in micro wire electro-discharge grinding (micro-WEDG) using tungsten as the
workpiece and brass wire as the tool electrode. Using Taguchi method, they were able to determine that
the capacitance had the greatest influence on the MRR, followed by interaction effect of feed rate and gap
voltage. Based on the experimental results, it was concluded that the maximum MRR (0.39 mg/min)was
obtained using high value of capacitance (10 nF), medium value of feed rate (4 µm/s) and high value of
voltage (120 V).
In a more recent study, Tiwary et. al. [47] investigated the effect of gap voltage (Vg), peak current (Ip),
pulse-on time (Ton) and dielectric flushing pressure (Fp) on the MRR, TWR (tool wear rate), OC (overcut)
and taper during micro-EDM drilling of Titanium alloy (Ti-6Al-4V). A central composite experimental design
involving five levels of each process parameter was used to conduct experiments followed by generation of
response surfaces using response surface methodology to study influence of these process parameters on the
micro-EDM process.
Figures 2.37-2.40 depict various response surface plots with one process response and two process pa-
rameters at a time. Figure 2.37a shows that MRR increases with increase in the peak current (Ip) till 1.2 A,
and starts decreasing thereafter. The reason for initial increase in MRR is attributed to increase in the dis-
charge energy with increase in the current. With further increase in the discharge energy with increase in
current, Tiwary et. al believe that the tool wear rate increases causing deposition of carbon particles in the
machining zone obstructing smooth machining and causing decrease in MRR. On the other hand, the MRR
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increases uniformly with increase in the gap voltage (Vg) due to increase in discharge energy. The effect of
the pulse-on time on MRR can be observed from Fig. 2.37b, which suggests that initially, the MRR increases
with increase in the pulse-on time (Ton) but after pulse-on time of 10 µs, further increase in the pulse-on
time decreases the MRR.
Figure 2.37a presents a plot of the tool wear rate (TWR) vs the peak current (Ip) and gap voltage (Vg).
As seen from the figure, increase in the peak current increases the TWR, possibly due to higher wear caused
at increased discharge energy. However, with increase in gap voltage, the TWR decreases monotonously.
Figure 2.37b, on the other hand, presents variation of TWR with respect to pulse-on time (Ton) and peak
current (Ip). The TWR decreases with increase in the pulse-on time, which Tiwary et. al. attributed to longer
total machining time while machining time per pulse remains constant. It is also observed from Fig. 2.37b
that the TWR increases with the increase in the peak current. According to Tiwary et. al., the thermal energy
increases with the increase in the peak current causing exponential increase in the thermal energy per unit
area on the micro-tool and causing larger wear.
Influence of the peak current and dielectric flushing pressure (Fp) on the overcut (OC) is shown in
Fig. 2.39a. It is seen from the figure that the OC decreases with an increase in the peak current. According
to Tiwary et. al., at low current, the machining efficiency is low and machining time is long, which results
in higher OC. At higher current, however, the specific energy for machining increases leading to smaller OC.
Increase in the dielectric flushing pressure, on the other hand, increases the OC as seen from Fig. 2.39a.
Tiwary et. al. attributed increase in OC at increased dielectric flushing pressure to increased vibration of the
micro-tool caused by the increase in the flushing pressure. Fig. 2.39b suggest that the OC decreases with an
increase in the pulse-on time, which can be due to longer machining time. Further, the figure also shows
increase in OC resulting from an increase in the peak current due to increase in the thermal energy at higher
current.
Fig. 2.40a depicts the variation of taper with respect to the peak current and dielectric flushing pressure.
It is observed form the figure that the taper decreases gradually with increase in the peak current, possibly
due to increase specific energy for effective machining as explained by Tiwary et. al. Similarly, the taper
decreases with an increase in the dielectric flushing pressure due to effective removal of debris at higher
flushing pressure. Fig. 2.40b suggests that, initially, the taper decreases with an increase in the pulse-on
time up to 10 µs and then increases with the increase in the pulse-on time. According to Tiwary et. al., the
larger value of the taper at lower pulse-on time is due to less effective machining time per pulse. This further
results in higher overall machining time causing secondary sparks, higher TWR and higher taper. Fig. 2.40b
also shows that the taper decreases with an increase in the peak current.
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Figure 2.37: Surface plot of (a) MRR vs Ip and Vg, (b) MRR vs Ton and Ip for machining Ti-6Al-4V according
to Tiwary et. al. [47]
Figure 2.38: Surface plot of (a) TWR vs Ip and Fp, (b) TWR vs Ton and Ip for machining Ti-6Al-4V according
to Tiwary et. al. [47]
Figure 2.39: Surface plot of (a) OC vs Ip and Vg, (b) OC vs Ton and Ip for machining Ti-6Al-4V according to
Tiwary et. al. [47]
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Figure 2.40: Surface plot of (a) Taper vs Ip and Fp, (b) Taper vs Ton and Ip for machining Ti-6Al-4V according
to Tiwary et. al. [47]
2.5.2 Dielectric Selection and Modification
The dielectric plays an important role in the EDM process. For a long period, the dielectrics used in EDM were
predominantly liquid based and were believed to perform following functions during the EDM process [89,
90],
1. provide a medium for the formation of a high-pressure plasma channel in the electrode gap,
2. solidify the ejected molten material into debris particles and cool the electrode surfaces after the
discharge,
3. flush away the debris particles from the discharge location.
The ability of dielectric to flush away the debris particles is considered to be most crucial for achieving
a good machining performance in EDM. The effect of debris particles in more significant in micro-EDM due
to shorter electrode gaps used as compared to macro-EDM. In micro-EDM, the accumulation of debris in
the electrode gap has been found to significantly reduce the efficiency of the process by causing unstable
discharge conditions and altering the energy distribution in the plasma channel [5].
Many researchers [8,90–97] have investigated role of the dielectric in improving the machining charac-
teristics of the macro/micro-EDM process by influencing the plasma channel and/or enhancing the debris
removal from the gap. Studies of comparing the material removal removal rate (MRR) in water-based di-
electrics with that in hydrocarbon-based dielectric has been controversial [17]. Some studies have shown
that MRR of the process can be improved by adding organic compounds into water but still remains inferior
to the MRR obtained in hydrocarbon oils [17, 98, 99]. On the other hand, some researchers have showed
higher MRR resulting in water-based dielectrics as a result of oxidation caused by dissociation of water into
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hydrogen and oxygen [91, 92, 100]. Due to possibility of material removal via oxidation, it has also been
shown that the MRR can be improved by supplying the oxygen gas into the discharge gap filled with a
water-based dielectric [101] or air [102].
Zhang et. al. [90] recently analyzed the EDM crater geometries (refer to Fig. 2.41a) formed in differ-
ent liquid and gaseous dielectrics, viz. oxygen, air, kerosene, deionized water and water-in-oil emulsion.
Fig. 2.41b shows comparison of the recast diameters (drec) vs pulse-duration in different dielectrics. It can
be seen from the figure that the recast diameter is much larger in water-in-oil emulsion and kerosene, fol-
lowed by oxygen, deionized water and air. Based on this result, it was concluded by Zhang et. al. that
the plasma characteristics such as the diameter and temperature distribution was significantly affected by
the choice of dielectric. The values of crater removal depth (hrem) is shown in Fig. 2.41c. It is seen that
the relationship between the crater removal depth and the dielectric is complicated and is dependent on
the pulse-duration. Zhang et. al. observed that the crater removal depth and difference between its max-
imum and minimum value were much smaller in gaseous dielectrics than those in liquid dielectrics. The
reason behind this, according to Zhang et. al., is that the pressure change over the discharge point is not
as dramatic in gaseous dielectric as that in liquid dielectric due to extremely low viscosity and density. The
pressure fluctuation causes the molten material to be removed after the discharge. Finally, the volume of
melted material was studied as depicted in Fig. 2.41d. It was seen that the volume of the melted material
was highest in water-in-oil emulsion.
Besides selection of the dielectric, recent experimental studies have shown that having additives in the
form of powder or fibers suspended in dielectric media can also be used to influence the machining charac-
teristics of EDM process [3,8,10–12]. Chow et. al. investigated effect of addition of aluminum powders and
silicon carbide (SiC) to kerosene and water on the micro-slit cutting in Titanium using two separate stud-
ies [8, 103]. They concluded that, in general, the suspension of powders in the dielectric liquid increases
the conductivity of the dielectric and thereby, allows micro-EDM at higher inter-electrode gap distances as
shown in Fig. 2.42a. This helps in evacuation of debris particles from the electrode gap by the dielectric.
Chow et. al. also believed that the increase in the conductivity of the dielectric allows dispersion of the
discharge energy into multiple smaller pulses and creates a smaller amount of debris during the machining
operation. Similar mechanism of energy dispersion at higher dielectric conductivity was also suggested by
Yeo. et. al. [11] in their study of using Sic nanopowder in oil. Due to higher conductivity of Al compared
to SiC, Chow et. al. observed that the effect of conductivity was more prominent with Al as the additive
than SiC. While analyzing the tool wear during the micro-EDM operation, Chow et. al. found that addition
of powders in the dielectric increases the tool wear rate in both kerosene and water as the base dielectric.
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Figure 2.41: (a) Definition of discharge crater geometry, (b) comparison of recast diameter vs pulse-duration
in different dielectrics, (c) comparison of crater removal depth vs pulse-duration in different dielectrics, and
(d) comparison of melted material volume vs pulse-duration in different dielectrics according to Zhang et.
al. [90]
Figure 2.42b shows the tool electrode wear in powder-mixed kerosene. According to Chow et. al., the pow-
ders prevent the carbon build-up on the tool electrode typically observed with kerosene as the dielectric and
increase wear due to loss of the insulation normally offered by the carbon layer.
The exact mechanism of material removal in powder-based dielectric, however, still remains unclear as
different possible theories have been proposed by different researchers. Prihandana et. al. [3] suggested
increase in discharge frequency in presence of powder as the reason for enhanced MRR in their study. Yeo
et. al. [11] on the other hand, observed that use of SiC additive in oil produced craters with smaller average
diameter than thode produced in oil without the additive on a stainless steel workpiece. They attributed
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Figure 2.42: Plots of (a) gap distance vs pulse duration and (b) electrode wear vs pulse duration for kerosene
and powder-mixed kerosene as the dielectric [8]
the reduction of crater diameter in the case of powder-mixed dielectric to increased dielectric viscosity and
thermal conductivity of the dielectric due to the presence of powder. It was suggested that the increased
dielectric viscosity increases the rate of work in the plasma growth at the expense of heat flux going into the
workpiece, limits plasma channel expansion and reduces amount of molten material. Also, due to enhanced
thermal conductivity of the dielectric, the molten material at the electrode surface solidifies at a faster rate
and therefore, only a small portion of molten material is displaced from the discharge location at the end of
the discharge.
2.5.3 Magnetic Field-assisted EDM
De Bruijn et. al. [104] first suggested the application of magnetic field for gap cleaning in 1978. Later,
Yeo et. al. [13] investigated the application of magnetic field to improve debris circulation in machining
high-aspect ratio micro-holes on hardened tool steel using micro-EDM. They observed that a ferromagnetic
particle, such as steel debris, experiences a magnetic force in a non-uniform magnetic field. This causes
effective evacuation of the debris particles from the electrode gap, thus improving the material removal rate
of the micro-EDM process. Figure 2.43 compares the micro-hole depth vs machining time for micro-EDM
operation with magnet and without magnet. The figure clearly shows increase in the hole depth when a
magnetic field is used.
Recently, Heinz et. al. [15] showed that the application of magnetic field to improve debris removal is not
limited to ferromagnetic materials alone, but can be used to non-magnetic materials as well. It was proposed
that by orienting the magnetic field in such away as to produce a Lorentz force on the molten pool created
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Figure 2.43: Hole depth vs machining time in micro-EDM with and without magnet [13]
on the electrode surface during a micro-EDM discharge, an effective ejection force can be exerted on the
molten pool. Figure 2.44 explains the concept of Lorentz force acting on the molten pool of a non-magnetic
material. As shown in the figure, when a direction current (J) is flowing through the non-magnetic material
during a discharge, a Lorentz force (given by F = J × B) is produced if the current and external magnetic
field vectors are non-parallel. As shown in the figure, magnetic field (B) along with the directional current
(J1) flowing through the workpiece produces Lorentz force (F1) and magnetic field along with the plasma
channel current (J2) produces a Lorentz force (F2). The resultant force (FR) acting on the molten pool of
material is directed inwards at an angle from the surface. It was shown by Heinz et. al. that by orienting
the resultant Lorentz force inward as shown in Fig. 2.44, crater volume in micro-EDM increased by 28%,
while the volume of re-solidified material around the crater rim decreased by 50% when the magnetic field
strength was increased from 0.33 T to 0.66 T. It was suggested that the additional Lorentz force along with
the plasma pressure, acting in the direction into the workpiece, pushes the material away from the rim as
shown in Fig. 2.45 and thus, creating a deeper crater.
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Figure 2.44: Concept of Lorentz force in micro-EDM [15] showing (a) directional current schematic in top
view and (b) forces on the melt-pool seen in cross-sectional view of (a)
Figure 2.45: Material removal mechanism in magnetic-assisted micro-EDM according to Heinz et. al. [15],
(a) flow of molten material due to Lorentz force pointing into the workpiece, (b)plasma channel collapse
and debris formation
2.6 SUMMARY AND GAPS IN KNOWLEDGE
The basic principle of electro-discharge machining process (EDM) involves carrying out electrical discharges
in the electrode gap immersed in a dielectric to generate a plasma and cuase material removal at the elec-
trode surfaces by melting and evaporation. By using smaller electrodes and smaller discharge energies, the
EDM process has been successfully scaled down (micro-EDM) to remove material in sub-grain size range.
Many commercial micro-EDM systems in a variety of configurations exist in the market and are used to cre-
ate complex-geometry micro-parts with high precision. However, low productivity of the micro-EDM process
has prevented a wider industrial application of the process.
Many attempts have been made to improve the material removal rate including parametric optimization,
dielectric selection and modification, and application of external magnetic field, however, application of
these techniques is found to be limited by lack of fundamental understanding of the process mechanisms.
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Despite numerous experimental efforts, a complete understanding of all the interaction effects between
process parameters and the machining characteristics in micro-EDM process still does not exist, thus, estab-
lishing a strong need for modeling of the process.
In EDM, in general, the thermal energy required for electrode erosion is supplied by the plasma channel
formed in the inter-electrode gap. Experimental characterization studies have shown the micro-EDM plasma
to be non-ideal, and colder and denser than the plasma in conventional EDM process. However, apart
from plasma temperature and electron density, experimental studies have failed to provide other important
plasma characteristics such as plasma radius, pressure, heat flux. Also, gap phenomena involving breakdown
of the dielectric (ionization), plasma channel formation, bombardment of ions and electrons on the electrode
surface, etc. are still poorly understood [105]. Therefore, modeling the physics of the micro-EDM plasma
discharge is a much needed task. Very few efforts have been made by researchers to model the EDM plasma.
One of the first theoretical study of EDM plasma dynamics was carried out by Eckman and Williams [24] in
which the plasma is modeled as a radially expanding cylindrical column in liquid nitrogen dielectric using
one-dimensional Navier-Stokes equation. In this study the relationships between the plasma characteristics
such as the electron density, electron temperature and input power are obtained by quasi-equilibrium ap-
proximations. However, the electron temperature and plasma pressures are found to be much higher than
the experimentally observed values. It was also found that due to choise of liquid nitrogen as the dielectric
for the model, the modeling approach was not widely applicable to commonly used liquid dielectrics such as
kerosene and deionized water. Eubank et. al. [25] proposed a variable mass, cylindrical plasma model for
conventional EDM in water in which the mass and energy balance equations were solved together with the
expanding plasma dynamics. Thermophysical properties of the plasma were derived by assuming it to be a
perfect gas mixture. Dhanik and Joshi [26] modeled a single discharge of micro-EDM process in water as a
cylindrical plasma column similar to Eubank et. al. but also incorporated mechanism of initial breakdown of
the dielectric, and nucleation in their model. However, these models assume thermal equilibrium between
electrons, ions and neutrals throughout the discharge period and require the knowledge of thermophysi-
cal properties of the plasma mixture as a function of temperature and pressure in advance. These models
also fail to provide the understanding of the complex plasma chemistry in terms of generation and loss of
different species in the plasma by various chemical reactions and their effect on the evolution of plasma tem-
perature, pressure and radius. Another drawback of these models is the assumption of a cylindrical plasma
column as compared to the spherical shaped geometry of the discharge observed experimentally [29, 72].
Therefore, there is a strong need for a comprehensive model of micro-EDM plasma that can fill the existing
knowledge gap and present a clear understanding of the chemical and energy-interaction between the high
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energy electrons and heavy ions/neutrals in the plasma.
Modeling of the material removal process in micro-EDM process is important from manufacturing point-
of-view as it can help in understanding the physics of the process and provide means to optimize the machin-
ing parameters for improved productivity. Several attempts have been made by researchers to estimate the
material removal in conventional EDM [11,20–22,25,83,85] as well as in micro-EDM [18,23,84]. In most
of the studies, the approach has been to model two-dimensional temperature distribution in the workpiece
material under a known heat flux from the plasma. While it is believed that melting and partial evaporation
are the predominant modes of material removal in both cathode and anode, most of the modeling studies
consider the material to be a solid body and do not account for hydrodynamic effects. In micro-EDM, the
electrical power is dissipated as a plasma discharge in the inter-electrode gap filled with dielectric fluid,
thereby, forming a molten pool on cathode and anode surfaces. Portion of this melt-pool is ejected as debris
at the end of the discharge. However, the influence of hydrodynamic forces on the formation and structure
of the melt-pool has rarely been discussed in the context of EDM. Tao et. al. [23] made one of the first suc-
cessful attempts of modeling the melt-pool formation including the effects of the plasma bubble collapse and
subsequent solidification. The resulting crater geometries from this model have shown good agreement with
the experimental data, however, the crater depths have been over-estimated. While the radius of the plasma
and heat flux to the anode have been estimated by empirical relationships with the input machining condi-
tions, the choice for the initial plasma pressure has been somewhat arbitrary. It is believed that a material
removal model of the micro-EDM discharge based on plasma radius, heat flux and pressure inputs directly
from a micro-EDM plasma model can provide a more accurate depiction of the actual process mechanism in
micro-EDM.
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Chapter 3
Modeling of Micro-EDM Plasma Formation and
Expansion in Deionized Water
3.1 INTRODUCTION
This chapter describes the development of a micro-EDM plasma model using deionized water as the dielectric
to predict the plasma characteristics during a micro-EDM discharge. In the EDM process, in general, dielec-
tric between the electrodes undergoes electrical breakdown under the application of electric field greater
than its breakdown strength. A plasma channel is formed in the inter-electrode gap and the thermal energy
required for electrode erosion is supplied by the plasma channel. Therefore, modeling the physics of the
EDM plasma discharge is an essential first step towards understanding the material removal mechanism in
the process.
As described previously in Chapter 2.4.2, progress made towards developing a theoretical understanding
of the micro-EDM plasma has been limited. The existing micro-EDM plasma models assume thermal equi-
librium between electrons, ions and neutrals throughout the discharge period and require the knowledge
of thermo-physical properties of the plasma mixture as a function of temperature and pressure in advance.
These models also fail to provide the understanding of the complex plasma chemistry in terms of generation
and loss of different species in the plasma by various chemical reactions and their effect on the evolution of
plasma temperature, pressure and radius. This chapter aims to develop a comprehensive model of micro-
EDM plasma by addressing these issues. The specific objectives of the work described in this chapter are as
follows,
1. To develop a reaction rate constants database for plasma in liquid water as well as the understanding
of the complex plasma chemistry;
2. To understand the modes of energy transfer between different chemical species in the micro-EDM
plasma and mechanism of how thermal equilibrium is reached between electrons and other species;
3. To estimate time-transient plasma characteristics such as plasma composition and density, temperature,
radius, pressure and heat flux to electrodes during a micro-EDM discharge for given process conditions;
4. To gain understanding of the effect of micro-EDM process parameters on the plasma characteristics.
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The chapter begins with the description of micro-EDM plasma model formulation. Model assumption
and governing equations are presented. Development of H2O plasma reaction rate database to model the
plasma chemistry is emphasized. This is followed by the model evaluation, where the initial conditions,
model parameters and solver details are explained. Next section discusses model-based predictions of time-
transient plasma characteristics for a typical micro-EDM discharge. The model is then used to conduct
simulation experiments with electrical field and inter-electrode gap as simulation parameters. The effect of
these parameters on the plasma characteristics is discussed. Next section lists the limitation of the micro-
EDM plasma model and describes need for model enhancement. Formulation of the enhanced model is
discussed in the following section. Next, evaluation of the enhanced model is covered. The enhanced model
is then used to study the plasma characteristics of a typical micro-EDM discharge including the electrical
characteristics of the plasma. Lastly, the enhanced model is used to run simulation experiments and study
effect of open gap voltage and inter-electrode gap on the micro-EDM plasma.
3.2 MODEL FORMULATION
Figure 3.1 provides a simple explanation of a single discharge in micro-EDM that can be divided into three
phases. First phase is the breakdown phase in which electrically insulating dielectric undergoes electrical
breakdown due to application of DC voltage between the electrodes. Due to the voltage applied in a micron-
level inter-electrode gap, intense electric field is generated in the gap, which triggers ionization of the
dielectric liquid forming a plasma channel in the gap. The second phase is the discharge phase in which
the already established plasma channel grows radially and a current is established in gap due to the flow of
electrons and ions towards the electrodes. It is believed that the bombardment of ions and electrons towards
the electrodes results in melting and partly vaporizing the electrode surfaces forming a melt-pool at both the
electrodes. As observed by many researchers [39, 106], in dielectric like water, the plasma channel is often
surrounded by a vapor bubble that expands radially outwards due to increasing pressure from the plasma
during the discharge phase. Finally, in the third phase when the applied voltage is turned off, the ions and
electrons recombine and dielectric strength is recovered. During this phase, the plasma implodes due to
pressure exerted by the surrounding dielectric and produces an ejection force on the melt-pool created on
the electrode surfaces. This results in removal of the electrode material in forms of small debris particles
leaving a small crater at the electrode surface.
The model presented in this paper describes the discharge phase of a single micro-EDM discharge event
using a global modeling approach [27, 28, 107]. It is essentially a zero-dimensional model, where spatial
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Figure 3.1: Schematic of a single discharge of micro-EDM process showing three main phases: (a) dielectric
breakdown phase, (b) discharge phase, and (c) post-discharge phase (1: Electrodes, 2: Dielectric, 3: Vapor
bubble, 4: Plasma discharge column, 5: Melt-pool, 6: Debris, 7: Bubbles, 8: Crater )
variations of the plasma characteristics like density and temperature are ignored to present first-order ap-
proximation of the system [28]. A global model does not require much of the computational resources
compared to particle-in-cell (PIC) or fluid models [108]. Figure 3.2 presents an overview of the model used
in this research. As shown in Fig. 3.2, the model consists of three sub-modules, viz. Plasma chemistry that
solves the reaction kinetics involving ionization, dissociation and recombination reactions; Power balance
that solves for the temperature of the plasma; and Bubble dynamics module that gives the evolution of the
plasma-vapor bubble typically observed during an EDM discharge [17, 39, 106]. Deionized (DI) water is
considered as an dielectric for the model as it is one of the most commonly used dielectric for the EDM
process [17,29].
Figure 3.2: Global model of micro-EDM process
The formulation of the model for micro-EDM plasma is discussed further in detail in remaining of this
section. Section 3.2.1 lists the assumptions of the model. The chemistry of H2O plasma is explained in
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Sec. 3.2.2. Power balance equations for the species of interests are presented in Sec. 3.2.3 and finally,
Sec. 3.2.4 explains the dynamics of the plasma bubble growth during the discharge.
3.2.1 Assumptions
1. A single pulse micro-EDM discharge with parallel plate geometry is considered with water as the
dielectric.
2. In pulsed water discharges, it has been observed that a vapor bubble forms between the electrodes,
which subsequently expands and collapses [39,106]. It is assumed that the electrical discharge plasma
created in this process is of the shape of a spherical bubble throughout the discharge.
3. Densities of all the species is assumed to be volume averaged [109]. The energy distribution function
(EDF)of all the species is assumed to be Maxwellian. For a plasma with such high density (≈ 1023m−3)
and pressure (> 1bar) such as micro-EDM plasma, this assumption is well justified [27].
4. The ions and the neutral species are assumed to share a common temperature (Tg) since they have
comparable mass, whereas a separate temperature (Te) is assigned to the electrons due to their much
smaller mass compared to the other species.
5. Although, the dielectric is considered to be deionized water in this model, it is assumed that a small
fraction of electrons and ions are present in the gap at the beginning of the discharge.
3.2.2 Chemistry of H2O Plasma
In an electrical discharge in water, the liquid is dissociated and ionized in a number of different species,
which can be categorized into electrons, ions and neutral particles. Depending on the temperature of the
reacting species, a large number of reactions are possible producing a significantly large number of different
species. Knowledge of the density of the various chemical species in the plasma, i.e. plasma composition,
is critical to establish the energy balance in the plasma and evaluate the heat flux transferred to the elec-
trodes by bombardment of ions and electrons. The density of these species also determines the plasma
pressure, thereby, influencing the plasma expansion in the inter-electrode gap. In order to determine the
plasma composition, generation and/or loss of various species via various chemical reactions needs to be
considered. Liu et. al. (2010) [110] have included 46 species and 577 reactions in their global model of
He + H2O glow discharges, which indicates the complexity of chemical processes in a water discharge. It
can be computationally overwhelming to consider all the possible reactions to estimate the concentrations
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of all ionic/neutral species in the plasma. In this work, a set of 41 volumetric reactions involving 19 dif-
ferent species that are is sufficient to compute the composition of the significant species in the plasma are
selected. The development of temperature-dependent reaction rate database for these reactions is described
in the following sub-section, followed by description of chemical kinetics used to compute the population of
individual species in the plasma.
Development of Reaction Rate Constants Database for H2O Plasma
Before a plasma discharge takes place, the deionized water contains neutral H2O molecules with only trace
amounts of free electrons and positive/negative ions. When a voltage pulse is applied between the elec-
trodes, the electrical energy is channeled to the few free electron that exist in the water. When these
electrons move around in the space upon gaining the energy, they collide with the neutral H2O molecules
and bring about a variety of chemical reactions. The fundamental quantity to characterize these collisions
is called ’collisional cross section’, ς(ν), that is a function of relative velocity of the particles (ν) before the
collision [27]. For reactions involving electrons, collisional cross sections are available in the literature as
a function of the electron energy. Electronic scattering database of Itikawa and Mason (2005) has been
adopted for obtaining the cross sections of reactions involving electrons and H2O molecule and are plotted
in Fig. 3.3
Assuming Maxwellian distribution of speeds, f(ν), for the electrons, the reaction rate constant, K, for a
given reaction can be calculated by averaging the cross section, ς(ν), over the distribution [111],
K =
∫ ∞
0
{(ν)ς(ν)νdν. (3.1)
Reaction rate constant as a function of electron temperature, Te, can be obtained, by replacing ν by
relative kinetic energy, E = 1/2 meν2, in Eqn. 3.2,
K(Te) =
(
1
pime
)1/2(
2
kTe
)3/2 ∫ ∞
0
ς(E)e−E/kTeEdE , (3.2)
where, me[Kg] is mass of an electron.
Reaction rate constants of other reactions were obtained from Gordon et. al. (2012) [112] and are
listed in Table 3.9 at the end of this chapter. For computational simplicity, the reactions involving metastable
species and complex clusters are neglected. Along with the volumetric reactions, some of the species also
undergo surface reactions upon bombarding the electrode surfaces. Figure 3.4 shows plot of temperature-
dependent reaction rates of the significant reactions that take place during a discharge in H2O. As seen
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Figure 3.3: Plot of reaction cross sections for reactions involving electron and H2O molecules.
form the figure, recombination and charge transfer reactions are most prominent at lower temperatures
(T < 10000 K), while dissociation and ionization reactions are significant at higher temperatures (T > 10000 K)
dissociating the H2O molecule into ions and free electrons. Therefore, in order to form a plasma discharge
in deionized water, electron temperature above 10000 K is typically required in the initial stages of the
discharge. The list of the species considered in this model is tabulated in Table 3.1.
Table 3.1: Species included in H2O plasma model
Neutrals Positive ions Negative ions
e−
H H+ H−
O O+, O++, O+++ O−
H2 H
+
2
O2 O
+
2
OH OH+ OH−
H2O H2O
+
H3O
+
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Figure 3.4: Plot of temperature-dependent reaction rate constants of a few significant reactions in H2O
plasma (listed in Table 3.9 at the end of this chapter)
Chemical Kinetics
In order to compute the population of each of the species in the plasma, following particle balance equation
is solved for each species [110],
dNi
dt
= SVi +AS
A
i −AeΓ1i −AwΓ2i −AlΓ3i, (3.3)
where, Ni is the number of atoms/molecules of species i, SVi [s
−1] is the rate of generation/loss of species i
due to volumetric reactions, SAi [m
−2s−1] is the net generation/loss of species i due to surface reactions at
electrode and lateral surface of the plasma, Ae[m2] is the area of the tool electrode (cathode), Aw[m2] is the
area of the workpiece (anode), Al[m2] is the area of the lateral surface of plasma bubble in contact with the
dielectric water, A[m2] is the combined area of electrodes and the lateral surface, V[m3] the plasma volume,
Γ1i[m
−2s−1] is the net flux of species i out of plasma through the tool electrode, Γ2i[m−2s−1] is the net flux
of species i out of plasma through the workpiece, and Γ3i[m−2s−1] is the net flux of species i out of plasma
through the lateral surface of the plasma bubble.
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The rate of production of species, SVi is equal to [27,110],
SVi =
1
V
reactions∑
j=1
νijKj
[
species∏
k=1
(Nk)
αk
]
, (3.4)
where, νij is the non-dimensional stoichiometric coefficient of species i in reaction j, Kj[m3s−1] is the
temperature-dependent rate constant of reaction j, and αk is the number of molecules of reactant species
k that take part in reaction j. Whenever possible, the rates of the volumetric reactions are computed from
the corresponding electron scattering cross-sections by integrating the cross-sections over Maxwellian dis-
tribution of electron energy [27]. The surface reaction rate, SAi , can be computed from the flux (Γi) of the
reactant species reaching the plasma wall surface with an associated probability βi of undergoing a surface
reaction,
SAi = βiΓi = βi
1
4
Ni
(
8kTg
pimi
)1/2
, (3.5)
where, mi[Kg] is the atomic/molecular mass of the reactant species.
Flux of the neutral species bombarding on the electrodes usually bounces back to the plasma region [110]
unless they undergo surface reactions at the plasma wall [110]. The generation/loss of the neutrals at
the plasma wall due to surface reactions is already considered as separate term SAi as mentioned above.
Therefore, for neutrals the flux terms Γ1i, Γ2i, and Γ3i are set to zero.
Usually, the flux terms for negative ions are set to zero as the negative ions are supposed to be trapped
by the ambipolar potential field in the plasma [27,110]. The flux of positive ions is calculated by assuming
they are driven towards cathode by the uniform axial electric field and a suitable correction factor, hL, is
applied to compensate for the reduced flux due to sharp fall in density near the walls [27,109,110].
Γ1i = hLµi
Ni
V
E, (3.6)
where, µi [m2V−1s−1] is the mobility of ion and E [Vm−1] is the applied electric field. For a cylindrical
plasma column, the correction factor along the axial direction (hL) is [109],
hL =
1 + 3αavg/γ
1 + αavg
0.86
[3 + L/2λ+
(
0.86LuB
piDa
)2
]1/2
, (3.7)
where, αavg is the ratio of negative ion to electron density, γ = Te/Tg, λ [m] is the ion-neutral mean free
path, Da [m2s−1] is the ambipolar diffusion coefficient and uB =
√
kTe/mi [ms
−1] is the ion Bohm velocity.
68
Ambipolar diffusion coefficient, Da is given as [27],
Da =
µiDe + µeDi
µi + µe
with µ =
|q|
mνm
, and , D =
kT
mνm
. (3.8)
Here, µe [m2V−1s−1] is the mobility of electrons, and De [m2s−1] and Di [m2s−1] are diffusion constant of
electron and ions, respectively. The the ion-neutral collisional frequency is estimated as,
νm,i =
(8kTg/pimi)
1/2
λ
with
1
λ
=
Nn
V
σmfp, (3.9)
where, Nn is the population of neutrals and σmfp [m2] is the ion-neutral collisional cross-section, suitably
chosen to be a large value (10−15 m2) to account for large number of reactions in H2O plasma.
The flux of electrons at anode can be found directly from the value of electrical current density, J [Am−2],
flowing through the plasma. However, the net number of electrons actually lost from the plasma, (ΓA)e [1/s],
is calculated by total number of positive ions lost from the plasma (at cathode) in order to maintain quasi-
neutrality of the plasma as follows,
(ΓA)e =
positive ions∑
i
Γ1iAe, (3.10)
In order to solve the particle balance equations, temperature of each of the species is required since the
rates of the reactions that consume or generate the species depend on the temperature of reactant species.
The temperature of the species is obtained by simultaneously solving power balance equation along with the
particle balance.
3.2.3 Power Balance
Figure 3.5 represents the energy flow diagram of the system. As seen in the figure, in a typical plasma
discharge the electrical power (Pin) is directly coupled to the electrons, which in turn transfer it to neutrals
and ions through elastic collisions (Qel,e) and Coulomb interactions (Qc,i) [27]. As the neutrals and ions
have comparable mass and are heavier than electrons, a common temperature Tg is assigned to the ensemble
of neutrals and ions and a separate temperature Te is assigned to the electrons. Two separate power balance
equations were solved to estimate the evolution of Te and Tg during the discharge.
69
Figure 3.5: Energy flow diagram of micro-EDM plasma showing interaction between electrons, ions and
neutral species in an expanding plasma bubble
Power Balance for Electrons.
The power balance equation that governs the electron temperature is [27],
d
dt
(
3
2
NekTe
)
= Pin,e − Pw,e − Prad,e −Qel,e −Qinel,e −Qc,e − Pwall,e, (3.11)
where, k [JK−1] is the Boltzman constant, Pin [W] is the input electrical power given to electrons during the
discharge, Pw,e [W] is the rate of mechanical work done by electrons to expand the bubble, Prad,e [W] the
radiative power loss from the plasma bubble, Qel,e [W] the power lost by electrons in elastic collisions with
neutrals and ions, Qinel,e [W] the power lost by electrons in process of inelastic collisions with neutrals and
ions, and Qc,e [W] is the power lost by electrons due to Coulomb interaction between electrons and ions.
Pin was calculated based on the applied electric field E as,
Pin = (JE)V with J = σdcE, (3.12)
where, J [Am−2] is the plasma current density, σdc [S/m] is the dc plasma conductivity in cold plasma ap-
proximation [27],
σdc =
e2Ne
meνm,eV
. (3.13)
Here, νm,e [s−1] is the collision frequency of electrons with neutrals.
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The power lost by electrons to mechanically expand the bubble, Pw,e, is,
Pw,e = NekTe
dV
dt
. (3.14)
The radiative power loss, Prad,e was obtained from,
Prad,e = σsb(T
4
e − T 4a )A. (3.15)
The emissivity of the plasma () was assumed to be unity in this model.
The power transferred by electrons to the neutrals in process of elastic collisions can be written as [27],
Qel,e =
1
V
elastic reactions∑
j=1
3me
Mj
k(Te − Tg)Kj
[
species∏
k=1
Nαkk
]
, (3.16)
where, me [Kg] is the mass of the electron, Mj [Kg] is the reduced mass of all the reactants in reaction j, and
Tg [K] is the temperature of neutral species.
Qinel,e represents the power lost by electrons in inelastic collisions with neutrals and ions [27],
Qinel,e =
1
V
inelastic reactions∑
j=1
EjKj
[
species∏
k=1
Nαkk
]
, (3.17)
where, Ej [J] is the characteristic energy of reaction j. The characteristic energy has been assumed to be the
ionization energy for ionization processes.
The electrons also interact with ions by Coulomb interaction in which rate of energy Qc,e is transferred
to ions [113],
Qc,e =
2.9× 10−12λ
V
(
kTe
e
)− 32 ions∑
j=1
3me
Mj
k(Te − Tj)NeNjZ2j , (3.18)
where, λ is the Coulomb logarithm (λ = lnΛ ≈ 10), e [C] is the elementary charge, Mj [Kg] is the mass of ion
j, Tj [K] is the temperature of ion j, which was assumed to be same for all the ions and neutral species (Tg),
and Zj is the charge number of ion j.
The power lost by electrons at the wall is given by [114],
Pwall,e =
(
5
2
kTe
)
(ΓA)e, (3.19)
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Power Balance for Ions and Neutrals.
Similar to electrons, a separate power balance equation can be written for ions and neutrals,
d
dt
(
ions,neutrals∑
i
cviNikTg
)
= Qel,g +Qc,g − Pw,g − Pwall,i, (3.20)
where, cvi is the specific heat coefficient of species i, which when multiplied by Boltzman constant (k) gives
the specific heat of the gas per molecule under constant volume. The specific heat coefficient is related to
the total degree of freedom (fi) for an ideal gas,
cvi =
fi
2
. (3.21)
For mono-atomic species there are 3 degrees of freedom. For multi-atomic molecules with n number of
atoms per molecule, each atom has 3 degrees of freedom, leading to total 3n degrees of freedom for the
molecule.
Qel,g [W] is the power gained by neutral/ion particles in elastic collisions with electrons, Qc,g [W] the
power gained by ions in Coulomb interaction with electrons, Pw,g [W] is the rate of mechanical work done
by neutral and ions to expand the bubble, and Pwall,i [W] is the power transferred to the plasma walls due
to bombardment of ions. Here,
Qel,g = Qel,e, and,Qc,g = Qc,e. (3.22)
The rate of mechanical work done by neutrals and ions, Pw,g can be obtained from,
Pw,g =
ions,neutrals∑
i
NikTg
dV
dt
. (3.23)
The power loss by the ions at the wall is given as [114],
Pwall,i =
(
5
2
kTg
) ions∑
i
(AeΓ1i +AwΓ2i +AlΓ3i) . (3.24)
3.2.4 Plasma Bubble Growth Model
It has been observed in underwater discharges including micro-EDM that a vapor bubble is formed during
initial stages of the discharge containing the plasma and the bubble expands due to increasing internal
pressure until it collapses violently when the electrical power is shut off [39]. The spark-generated bubble
dynamics for macroscopic underwater discharges has been modeled previously by many researchers [75,
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115] using Kirkwood-Bethe model, which has been proved very effective. The same model was adopted to
describe the bubble dynamics with a spherical-shaped plasma bubble expanding in the radial direction,
R¨
(
1− R˙
C
)
=
p˙
ρC
(
1− R˙
C
)
+
H
R
(
1 +
R˙
C
)
− 3R˙
2
2R
(
1− R˙
3C
)
, (3.25)
where, R [m] denotes the plasma bubble radius, C [ms−1] is the speed of sound in water, and H [JKg−1] is
the specific enthalpy of the bubble wall given as,
C2 = n
p+B
ρ∞
, n = 7.15 B = 304.913MPa, (3.26)
H =
∫ p
p∞
dp
ρ
. (3.27)
To evaluate the integral in Eq. 3.27, Tait’s equation of state is used for liquid water density [75],
p+B
p∞ +B
=
(
ρ
ρ∞
)n
, (3.28)
where, p [Pa] is the pressure outside the bubble wall, ρ [Kgm−3] is the density at pressure p, p∞ [Pa] is the
ambient pressure and ρ∞ [Kgm−3] is the density of water at ambient pressure. Pressure (p) outside the
bubble wall is given by pressure balance equation at the bubble wall,
p = pB − 2σs
R
− 4µR˙
R
, (3.29)
where, σs [Nm−1] is the surface tension of liquid water, µ [Pas] is the dynamic viscosity of the liquid water
and pB [Pa] denotes the pressure inside the bubble given by,
pB =
NekTe
V
+
ions,neutrals∑
i
NikTg
V
. (3.30)
Equations 3.3, 3.11, 3.20 and 3.25 were solved simultaneously in order to obtain complete description of
the micro-EDM plasma in terms of the composition of the plasma, temperature of the plasma and the radius
of the plasma bubble. Given radius of the plasma, R, volume of the plasma bubble, V and the contact areas
of plasma bubble with the tool and workpiece can be found geometrically. Heat flux to the electrodes is also
an important quantity of interest from the manufacturing point of view. For cathode (tool electrode), the
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heat flux is due to radiation and bombardment of positive ions,
Qtool = Qrad +
positive ions∑
i
Γ1i(
5
2
kTg). (3.31)
and, for anode (workpiece), the heat flux is due to radiation and electron current,
Qwp = Qrad +
J
e
(
5
2
kTe). (3.32)
3.3 MODEL EVALUATION AND VALIDATION
The model is evaluated by numerical integration in MATLAB using a stiff ODE solver (ode15s) with relative
tolerance of 10−6. To set up the initial conditions for numerical integration of the governing equations, it
is assumed that at time t = 0, the dielectric has undergone a breakdown and a plasma channel has been
formed between the inter-electrode gap. As the plasma bubble is spherically shaped, initial diameter of the
bubble is taken to be equal to the inter-electrode gap distance (d) giving us initial condition for the radius
of the plasma,
R0 = d/2, R˙0 = 0. (3.33)
Initially, the bubble is composed of the water vapor and a few electrons due to newly formed plasma channel.
Therefore, initial condition for the temperature of the ion-gas ensemble (Tg) is chosen as the boiling point
of water. The pressure outside the bubble wall can be taken as the atmospheric pressure by neglecting the
hydrodynamic pressure from the dielectric and the initial pressure inside the bubble can be derived based
on Eq. 3.30. Thus,
Tg0 = Tb, pB0 = p∞ +
2σs
R0
. (3.34)
Knowing the initial pressure and temperature, initial population of the water vapor (H2O) can be found out
from the ideal gas law,
NH2O,0 =
pB0V0
kTg0
. (3.35)
Usually the conductivity of the DI water ranges from 0.1− 10 µS/cm [116]. For electrons, the initial pop-
ulation is calculated based on Eq. 3.13 corresponding to conductivity of 10 µS/cm and set to be 0.15% of
initial population of water vapor. The initial electron temperature is chosen to be equal to the boiling point
of water. To maintain quasi-neutrality, initial population of H2O+ ions is set equal to the initial population
of electrons and population of all other species is assumed to be zero. The constants and material properties
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used for the simulation are listed in Table 3.2.
Table 3.2: Constants and Material Properties [117]
k = 1.38× 10−23 JK−1 e = 1.6× 10−19 C
σsb = 5.67× 10−8 Wm−2K−4 Ta = 300 K
Tb = 373.15 K Tw = 300 K
p∞ = 101325 Pa ρ∞ = 997 Kgm−3
cpw = 4181 JKg
−K−1 Hv = 2257× 103 JKg−1
σs = 7.17× 10−2 Nm−1 µ = 8.592× 10−4 Pa s
To validate the micro-EDM plasma model, experimental measurements of the plasma characteristics,
i.e, plasma composition, temperature and radius over the discharge period are required. However, due to
micron-level gaps and short discharge periods, measurements of plasma characteristics in micro-EDM are
extremely difficult. As a result, very few experimental micro-EDM plasma characterization studies exist in
the literature. Therefore, to validate the model described in Chapter 3.2, the electron temperature and the
electron density of the plasma were compared with the experimental work of Nagahanumaiah et.al. [73].
The results reported by Nagahanumaiah et al. are based on spectroscopic measurements of the single-
discharge experiments, where relative intensities of different spectral lines are measured to find electron
temperature and electron density using line-pair method [73]. During the experiments [73], the micro-EDM
process parameters, namely, capacitance, electrode size, applied voltage, applied current and the discharge
gap were varied in order to measure the effect of these parameters on the plasma temperature and electron
density. However, the micro-EDM plasma model presented in this thesis considers only the electric field
and the discharge gap as the input parameters, and the value of input power is calculated based on the
conductivity of the plasma and the applied electric field. Therefore, to simulate the experimental conditions
of applied voltage, a constant electric field in the discharge gap given by E = V/L was assumed. Initially,
the current flowing through the plasma was calculated from the relation J = σdcE, however, when this value
surpassed the applied current, it was fixed at the value of the applied current. For each combination of the
applied voltage, current and the gap, the discharge was simulated for the same discharge period of 10 µs
as in the experiments. Due to lack of knowledge of the discharge gap used in the referred experiments,
two values of the discharge gap (0.5 µm, 1 µm) were considered. The values of the discharge gaps were
chosen such that the resulting electric field at these gaps (E = V/L) was above the dielectric strength of
water, which was taken to be ≈ 38 MV/m [118]. The dielectric strength of water is the maximum electric
field it can withstand without undergoing electric breakdown. The initial population of electrons was taken
as 0.15% of the initial population of H2O vapor, which corresponds to initial conductivity of 10 µS/cm.
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Table 3.3 compares the values of electron temperature and electron density obtained experimentally
by Nagahanumaiah et. al. against the time-averaged values of electron density and electron temperature
obtained by the micro-EDM plasma model presented in Chapter 3. As seen from the table, the values of
time-averaged electron temperature predicted by the model range from 6149 K to 7355 K with an aver-
age of 6817 K over all the trials and match reasonable well with the corresponding experimental values
reported in [73], which range from 5326 K to 7182 K with an average of 6217 K. The values of the time-
averaged electron density predicted by the model range from 7.4× 1023 to 10.0× 1023 m−3 with an average
of 8.9× 1023 m−3 over all the trials, whereas, the values of electron density reported in [73] has an average
of 23.9× 1023 m−3. Note that the electron density predicted by the model is of the same order of magnitude
as the experimental value. Also, since the values of electric field and current used by Nagahanumaiah et.
al. are much lower than the value of electric field and maximum current used to simulate a typical dis-
charge in Chapter 3.4, values of electron temperature predicted by the model shown in Table 3.3 are lower
in comparison with electron temperature predicted for a typical discharge.
Table 3.3: Comparison of the micro-EDM model with experimental results of electron temperature (Te) and
electron density (ne) from literature
Voltage Current
Experimental Results [73] Results from the Model (time-averagedb)
(V) (A) Gapa Te ne Gap Te ne
(µm) (K) (1023 m−3) (µm) (K) (1023 m−3)
40 2.0 A 7181.5 24.4 0.5 6148.7 7.5
40 2.0 B 6446.5 17.7 1.0 6668.9 7.4
45 3.0 A 5325.7 46.1 0.5 6789.0 10.0
45 3.0 B 5602.5 15.2 1.0 7354.7 9.6
50 2.5 A 6171.1 18.3 0.5 6691.5 9.6
50 2.5 B 6576.8 21.5 1.0 7250.1 9.2
a A < B, Exact values of the gap levels have not been reported by the authors.
b Average of values taken over the entire discharge duration.
3.4 MODEL-BASED PREDICTIONS OF PLASMA CHARACTERISTICS
DURING A TYPICAL MICRO-EDM DISCHARGE
The model of the micro-EDM plasma was used to obtain a complete description of the plasma during the
discharge by simulating the evolution of different plasma characteristics, namely, the composition of the
plasma, temperature of the plasma, radius and velocity of expansion, pressure inside the plasma, and heat
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flux transferred to the electrodes from the model. A typical micro-EDM process is characterized by micron
level inter-electrode gaps and micro-second level pulse durations. Therefore, to simulate a typical micro-
EDM discharge, electric field (E) of 100 MV/m, gap (L) of 1 µm and discharge time (td) of 5 µs were used.
Table 3.4 lists the range and the time-averaged values of the plasma characteristics predicted by the model
for the typical micro-EDM discharge, while the time evolution of the plasma characteristics are plotted in
Fig. 3.6-3.10.
Table 3.4: Result of the simulation for E = 100 MV/m, L = 1 µm and td = 5 µs
Output Maximum Mean Final (at t =
5 µs)
Electron Density (1024m−3) 189.30 7.53 0.38
Electron Temperature (K) 203510 14794 10215
Ion-Gas Temperature (K) 201990 14791 10211
Plasma Radius(µm) 717 413 717
Plasma Pressure (atm) 6133 245 121
Heat flux to workpiece (anode)
(1010W/m2)
10813 4.79 0.064
Heat flux to tool (cathode) (1010W/m2) 9726 3.90 0.061
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Figure 3.6: Evolution of plasma composition showing number densities of significant species
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Figure 3.7: Evolution of electron and ion-gas temperature
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Figure 3.8: Evolution of plasma bubble radius and the velocity of expansion
Figure 3.6 presents the composition of micro-EDM plasma in terms of the number densities of significant
species as a function of time. Out of total 19 species considered in the model, number densities of the
species having density greater than 1020 m−3 have been shown. Evolution of electron temperature and the
temperature of ions and neutrals is shown in Fig. 3.7, while Fig. 3.8 shows the radius and the velocity of
expansion of the plasma bubble as a function of time. Since the reaction rates are temperature dependent,
the particle balance equation (Eq. 3.3) is coupled with the power balance equations for electrons as well as
for ions and neutrals (Eq. 3.11 and Eq. 3.20). Furthermore, to calculate the number density of a species from
the number of particles, one requires the size of the plasma bubble, which is governed by the Kirkwood-Bethe
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Figure 3.9: Evolution of plasma pressure
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Figure 3.10: Evolution of heat-flux to the electrodes (note suppressed zero)
equation (Eq. 3.25). Therefore, one must analyze Fig. 3.6, Fig. 3.7 and Fig. 3.8 together in order understand
the time evolution of plasma composition, plasma temperature and plasma radius and the interdependence
of these characteristics on each other.
Initially all the electrical power due to applied electric field is transferred to electrons due to which
a sharp increase can be seen in the electron temperature (refer to Fig. 3.7b). At higher energies, the
electrons collide with the water molecules to cause dissociation and ionization of H2O into positive ions
(H2O+,OH+,O+,H+,H+2 ), negative ions (H
−,O−,OH−), neutrals (H,H2,OH,O) and more electrons fol-
lowing reactions 1-11 from Table 3.9. In the process of collisions, the electrons also transfer some of their
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energy to the ions and neutrals, therefore, triggering the increase in the temperature of ions and neutrals.
This process of dissociation of water molecule and increase of the plasma temperature (Te, Tg) takes place
within first few sub-nanoseconds of the discharge duration (see Fig. 3.7b). At this point, the thermal equi-
librium between swift electrons and heavy ions/neutrals is achieved. Due to sharp increase in the density
of species and plasma temperature, the pressure inside the plasma bubble increases as shown in Fig. 3.9
following the ideal gas law (p = NkT/V). As a consequence of increase in pressure, plasma bubble starts to
expand radially as seen in Fig. 3.8.
After initial increase in the density, the further evolution in the density of a species is a consequence of
the complex chemical kinetics (Table 3.9) and expanding plasma radius. For electrons, the rate of generation
of electrons through volumetric reactions does reach high enough value to compensate for decrease in the
electron density due to increase in plasma volume and loss of electrons at the wall. Therefore, the electron
density decays slowly from initial value of 1.89× 1026 m−3 to final value of 3.8× 1023 m−3 as seen from
Fig. 3.6. Similar trend is observed for the positive ions (H+,H+2 ,O
+,O++,O+2 ). Among the positive ions,
H+ and O+ are seen to be most prominent with number density almost equal to electron number density. As
it can be seen from the Fig. 3.6, the positive charge of the plasma due to presence of positive ions is mostly
compensated by electrons ensuring a quasi-neutral plasma. As the number of reactions generating negative
ions are limited, the number density of negative ions (H−,O−,OH−) is nearly constant throughout the
discharge. Among the negative ions, H− is seen to be most prominent with number density of ≈ 1024 m−3.
Comparing number densities of all the species irrespective of their charge, atomic hydrogen (H) has the
highest density for first couple of microseconds, which then combines at the wall surface to form hydrogen
molecule (H2). As the density of H decreases, density of H2 increases which forms significant portion of the
plasma after t ≈ 2 µs along with O and O2.
Due to expansion of the plasma bubble, radiation and heat transfer to the walls, the electron temperature
(Te) as well as the ion-neutral temperature (Te) decreases over the discharge duration as shown in Fig. 3.7.
It should be noted that due to the energy exchange via elastic scattering between electrons and neutrals, and
via Coloumb interaction between electrons and ions; Te and Tg very closely follow each other throughout
the discharge demonstrating thermal equilibrium in the plasma. As seen from Table 3.4, the electrons and
the other species share the common plasma temperature (T = Te = Tg) in a typical micro-EDM with a
time-averaged value of 14794 K.
From manufacturing point of view, the most important consequence of the micro-EDM plasma is the heat
flux transferred by the plasma to the electrodes during the discharge, which is plotted in Fig. 3.10. The
total heat flux to the workpiece (anode) is a combination of the raditiative heat flux and the heat flux due
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to bombardment of electrons onto the workpiece surface. Similarly, the total heat flux to the tool electrode
(cathode) is contributed by the radiative heat flux and bombardment of positive ions. It is seen that the heat
flux to the anode is greater than the heat flux to the cathode in the initial few hundreds of nanoseconds.
However, as the time progresses, the heat flux to both the electrons is found to be almost equal. The time-
averaged value of the heat flux to the workpiece (anode) in the typical micro-EDM discharge is found to be
4.79× 1010 W/m2, while time-averaged heat flux to the cathode is 3.90× 1010 W/m2.
3.5 EFFECT OF APPLIED ELECTRIC FIELD AND GAP DISTANCE ON
PLASMA CHARACTERISTICS
To study the effect of applied electric field and the inter-electrode gap distance on the discharge character-
istics, simulation experiments are conducted with 8 levels of applied electric field and 8 levels of the gap
distance. The levels for these parameters are chosen so as to cover a wide range of field and gap values
typically used in micro-EDM and are tabulated in Table 3.5. While running the simulations at constant input
electric field, the maximum current is fixed at I ≤ Imax as in current-limited power supplies commonly used
for the micro-EDM. In this study, Imax = 20 A is chosen.
Table 3.5: Levels of Electric Field and Gap used for Simulation Experiments
Process Parameter Levels
Electric field (MV/m) 10, 25, 50, 100, 200, 500, 1000, 2000
Gap (µm) 0.5, 1, 2, 3, 4, 5, 10, 20
During the simulation trials, it was seen that for some of the combinations of the electric field and gap,
the initial electron density drops to almost zero value before the discharge is complete, causing numerical
instability of the solver. Figure 3.11 shows the domain of the applied voltage and discharge gap levels. The
combinations of electric field (E) and gap (L) for which the evolution of plasma is successfully simulated
using the model are indicated by squares, whereas the combinations of (E,L) for which the model fails to
predict evolution of plasma are indicated by circles. It can be seen from the figure that the discharge in
deionized water is not sustained below a threshold electric field at each gap distance. This behavior of the
deionized water can be explained using the Paschen law, which governs the minimum breakdown potential
(V) between two electrodes at different pressures (p) and inter-electrode gaps (L). The similarity of the
curve in Fig. 3.11 with the Paschen curve for water is investigated, firstly, by converting the curve into V vs
pL curve (see Fig. 3.12) and then, comparing it with the empirical relation obtained in a theoretical study
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of breakdown of water vapor by Radjenovic et. al. [119]. The pressure is assumed to be 1 atmospheric
pressure.
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Figure 3.11: Electric field (E) - Gap (L) domain of the micro-EDM plasma model (Square represents point
is [E,L] domain where discharge was successfully simulated, and circle represents failure of the model in
obtaining plasma evolution at point [E,L])
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Figure 3.12: Paschen like curve for H2O using micro-EDM plasma model (Square represents point is [V, pL]
domain where discharge was successfully simulated, and circle represents failure of the model in obtaining
plasma evolution at point [V, pL])
As seen from Fig. 3.12, the minimum breakdown potential predicted by the model for a given gap closely
follows the theoretical curve of breakdown potential vs. gap distance reported in [119] for gap distances
in the range of 0.5− 15 µm at atmospheric pressure. It has been shown previously [120, 121] that the
global model approach can be used to successfully predict the breakdown phase of a discharge. Figure 3.12
indicates that the minimum breakdown potential increases as as the inter-electrode gap is increased keeping
the pressure constant. It should be noted that the minimum breakdown potential for a given gap also
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depends on the initial conductivity of the DI water, which is proportional to initial electron population (refer
to Eq. 3.13). For lower initial electron population, the minimum breakdown potential is higher for a given
gap.
To analyze the effect of electric field and the gap distance, time-averaged electron density, time averaged-
common plasma temperature (T = Te = Tg) temperature, final plasma radius, time-averaged plasma pres-
sure and time-averaged heat flux are plotted for different values of electric field and gap distance as shown
in Fig. 3.13. Figure 3.13a presents the effect of the electric field and the gap on time-averaged plasma
density, i.e, the combined density of all the species in the plasma during the discharge. As seen from the
figure, application of higher electric field at a given gap distance results in increase in the overall density of
the plasma due to increase in the input electrical power that goes into the discharge. However, for a fixed
value of electric field, increase in the gap distance results in decrease in the overall plasma density due to
larger plasma volume. The variation of the plasma density over the simulation trials is seen to be within
an order of magnitude. Effect of the electric field and gap on the common plasma temperature is shown in
Figure 3.13b. As the electrical power input to the plasma is proportional to the square of the applied electric
field (Eq. 3.12), increase in the value of electric field for a given gap results in higher plasma temperature.
Similarly, increasing the gap distance for a fixed value of electric field increases the plasma temperature. For
fixed value of the electric field, Eq. 3.12 and Eq. 3.13 imply that the input electrical power is independent of
the volume of the plasma, therefore, independent of the gap distance. However, the overall plasma density
decreases with the gap distance. Thus, the same input power is now distributed over fewer plasma particles
giving rise to increase in the plasma temperature.
Figure 3.13c presents how time-averaged electron density in the plasma varies with the electric field and
gap values. It is seen that the electron density follows similar trend as the plasma temperature showing
increase with increase in the electric field and/or the gap distance. This can be explained using Fig. 3.4,
which indicates that at higher plasma temperatures ionization reactions generating electrons have higher
reactions rates than the recombination reactions in which the electrons are consumed. The plasma pressure
depends on both, the plasma density and the plasma temperature under assumption of the ideal gas law (p
= NkT/V). As higher electric field at a given gap results in increase in both, the plasma density and temper-
ature, the plasma pressure increases with increase in the electric field as shown in Fig. 3.13d. However, for
a fixed value of electric field, the plasma density decreases with the gap distance, while the plasma tempera-
ture increased with the gap distance. As a result, the plasma pressure decreases with the increase in gap for
electric fields above 100 MV/m, but increases with the increase in gap for electric fields below 100 MV/m.
The velocity of expansion of radius of the plasma depends directly on the pressure inside the plasma bub-
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Figure 3.13: Effect of applied electric field and discharge gap on the time-averaged plasma characteristics,
namely, total plasma density, plasma temperature, electron density, plasma pressure, final plasma radius and
heat flux to workpiece
ble. Therefore, for same initial value of plasma radius, the final radius (R at t = 5 µs) is larger for higher
plasma pressure as seen in Fig. 3.13e. Therefore, the effect of electric field and gap on the final radius of
the plasma follows similar trend as the plasma pressure. Finally, Fig. 3.13f is presented to demonstrate the
effect of applied electric field and gap on the time-averaged heat flux transferred to the workpiece during
the discharge. The heat flux is given by the addition of power transferred by the electrons at the workpiece
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surface per unit area and the radiation. Therefore, the value of the heat flux depends on the electron density
and plasma temperature. As seen from Fig. 3.13f, higher field results in a greater heat flux. Also, higher gap
distance increases the heat flux.
Note that the heat flux and the pressure exerted by the plasma are the two key parameters that cause the
material removal from the workpiece during each discharge event. By knowing the evolution of heat flux and
pressure during a single micro-EDM discharge as predicted by the model, volume of the workpiece material
removed per discharge can be calculated by a melt-pool model using a coupled system of Navier-Stokes
equation and heat equation. Heat flux predicted by the model appears as the heat source term in the heat
equation, while the pressure force exerted by the plasma appears as a body force term in the Navier-Stokes
equation. To obtain a complete description of a single micro-EDM discharge event including the material
removal, the plasma model presented in this chapter can be coupled with the melt-pool model.
3.6 NEED FOR MODEL ENHANCEMENT
The micro-EDM plasma model discussed so far in this chapter presents important understanding of the mech-
anism of the plasma formation and expansion in micro-EDM process. Using the model, a single discharge of
a typical micro-EDM process can be simulated in order to obtain complete temporal description of the plasma
characteristics, namely, plasma composition and density, plasma temperature, radius, pressure and heat flux
to the electrodes. However, scope of this modeling study is limited due to assumption of constant electrical
field and maximum current limit between the electrodes during a discharge. In an actual micro-EDM dis-
charge, the inter-electrode voltage drops from initial applied voltage as the conductive plasma channel is
formed between the electrodes and a discharge current is established in the gap. As a result the electrical
field in the gap is not constant throughout the discharge duration but varies as a function of the voltage. The
evolution of the discharge voltage and current waveforms during a discharge are dictated by time-varying
resistance of the plasma. However, the physics describing the resistance of the plasma is missing from the
micro-EDM model developed so far.
It is important to study the dynamics of the plasma resistance and subsequent evolution of discharge
voltage and current waveforms because these characteristics of the plasma determine the amount of elec-
trical energy going into a discharge. During a discharge, this electrical energy is converted into a thermal
energy of ions and electrons to cause material removal and can be manipulated to maximize the material
removal rate [66,122–124]. The shape of discharge voltage and current waveforms can also be used to sense
the inter-electrode gap conditions during a machining operation and control the electrode feed for greater
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stability and productivity [17,125].
The information about the transient resistance of the plasma and the energy of the discharge can be
obtained, in principle, from the discharge voltage and current waveforms that are commonly measured
during an EDM operation [17, 77, 125, 126]. However, in micro-EDM, the inter-electrode gaps (1-10 µm)
are much shorter compared to conventional EDM. Therefore, the plasma resistance during a discharge is
very small and comparable to the other resistive and reactive components in the EDM circuit. As a result,
the voltage and current waveforms obtained by a direct measurement may not accurately represent the
actual plasma voltage/current due to any stray circuit impedance between the plasma and the point of
measurement. Due to physical limitations on how close to the actual discharge location the measurement
can be obtained, the measured voltage will always be much higher the actual plasma voltage, thereby,
leading to an overestimation of the discharge power. Also, sensitivity of the measurement device may not
be sufficient to capture the rapid collapse of the inter-electrode voltage during narrower pulse-widths (<
10 µs) [77]. A model-based approach, however, can prove to be helpful in this case to obtain a more accurate
estimation of voltage and current characteristics of the discharge. With this purpose, many attempts have
been made by researchers to model the transient behavior of high-voltage under-water discharges [77,127–
129]. However, there is a lack of such modeling efforts in the case of micro-EDM plasma. The models for
the high voltage under-water discharges can not be applied to micro-EDM plasma as a typical micro-EDM
plasma is characterized by shorter inter-electrode gaps (1-10 µm), lower discharge energies and narrower
pulse-widths (up to 10 µs). Therefore, there is a need to further enhance the micro-EDM model to predict
the time-transient behavior of micro-EDM plasma resistance and thereby, obtain accurate information about
the time-transient plasma voltage/current waveforms and the discharge energy, which plays a crucial part
in material removal. This will be achieved by adding the physics of plasma resistance and a new electrical
circuit solver module to the existing micro-EDM plasma model.
3.7 MODEL ENHANCEMENT
To model the electrical characteristics of the micro-EDM plasma, a new electrical circuit solving module
is added to the micro-EDM plasma model described in Section 3.2. Figure 3.14 presents schematic of the
enhanced micro-EDM plasma model. As shown in the figure, the enhanced model consists of four modules,
namely, plasma chemistry, power balance, plasma bubble dynamics and a new electrical circuit solver mod-
ule. With the help of plasma chemistry, power balance and plasma bubble dynamics modules, the model
solves simple equations of mass conservation, energy conservation along with plasma bubble dynamics to
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predict first-hand estimates of time-transient plasma characteristics such as plasma composition, density,
plasma temperature, radius, pressure and the heat flux to electrodes. By addition of a new electrical circuit-
solver module, the model can also predict the evolution of plasma resistance, voltage/current waveforms
and amount of discharge energy, which was not possible previously with the original model. This also elim-
inates the need to provide the voltage and current waveform measurements from the experiments as an
input to the model, thereby, improving the predictive power of the plasma model. Figure 3.14 also depicts
inter-dependency of characteristics of the plasma such as plasma composition, temperature, size and plasma
resistance. The plasma resistance during a discharge is a function of time-varying electron density of the
plasma and the size of the plasma. In a dielectric, like deionized water, the electrons are generated by disso-
ciation and ionization of H2O molecule into different atoms/molecules/ions and their subsequent chemical
interactions as describe in Section 3.2.2. The reaction rates of the chemical reactions of these species are
functions of the plasma temperature that again depends on the electrical energy going into a discharge
determined by the electrical resistance.
Figure 3.14: Schematic of the enhanced µ-EDM plasma model formulation
A description of the new electrical circuit solver module added to the existing micro-EDM plasma model
is given below.
3.7.1 Electrical Circuit Solver
To model the voltage and current during a micro-EDM plasma discharge, electrical circuit solver module was
added to the existing plasma model. This module solves equations for the electrical circuit that generates
the voltage pulse to the electrodes. A transistor-based RC discharge circuit typically used for micro-EDM
is shown in Fig. 5.6a. This circuit uses a MOSFET to control the pulse-width of the voltage pulse provided
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by an RC discharge. More details of the micro-EDM circuit can be found in Chapter 5. After accounting
for the impedances in the circuit due to component structure and wiring, an equivalent circuit is shown
in Fig. 5.6b. In the equivalent circuit, the plasma was assumed to be a simple resistor element with time-
varying resistance as it evolves during the discharge. Other impedances in the were modeled as resistor and
inductor elements in series.
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Figure 3.15: Schematic of the electrical circuit used for micro-EDM
To calculate the plasma resistance, dc conductivity (σdc [S/m])) of the plasma (H2O plasma in this case)
was determined first using cold plasma approximation [27],
σdc =
e2ne
meνm,e
, (3.36)
where, e [C] is the electronic charge, ne [m−3] is the number density of electrons, me [kg] is the electronic
mass and νm,e [s−1] is the collision frequency of the electrons with neutrals. As the conductivity of the plasma
is directly proportional to electron density, it changes as the electron density changes during the discharge.
From the conductivity, a resistance of the plasma (Rplasma [Ω]) was obtained by a simple approximation,
Rplasma =
(
1
σdc
)(
L
Aw
)
=
(
meνm,e
e2ne
)(
L
Aw
)
, (3.37)
where, L [m] is the inter-electrode gap distance and Aw [m2] is the area of workpiece (anode) in contact with
the plasma bubble given by plasma bubble dynamics module. Now, the equations solving for plasma current
(Iplasma [A]) and plasma voltage (Vplasma [V ]) can be written for the equivalent circuit shown in Fig. 5.6b
as,
Iplasma =
dQ
dt
, (3.38)
88
Vplasma = Iplasma × Rplasma
=
Q
C
− (R1 + R2 + R3 + R4)Iplasma
− (L1 + L2 + L3)dIplasma
dt
,
(3.39)
where, Ri [Ω] and Li [H] are the resistances and inductances in the circuit (refer to Fig. 5.6b), respectively.
C [F ] is the capacitance and Q [C] is the charge in the circuit. Equations 3.38 and 3.39 were re-arranged
as ODEs in variable Q and were then solved simultaneously with ODEs from other modules of the plasma
model 3.2.
3.8 EVALUATION OF ENHANCED MODEL
To evaluate the enhanced model, the micro-EDM circuit used to generate the discharge voltage (refer to
Fig. 5.6a) was characterized first. Using an LCR meter (Instek LCR-817) and a TENMA 72-8150 electrical
meter, initial estimates of the different circuit components, i.e., R1,R2,R3,R4, L1, L2, L3 of the equivalent
circuit shown in Fig. 5.6b were obtained. During this exercise, the electrodes were assumed to be in short-
circuit condition, i.e. in electrical contact with each other such that Rplasma = 0 (refer to Fig. 3.15).
Grey-Box Model Estimation toolbox of MATLAB [130] was then used for each pair of points in the circuit
including (P1, P2), (P3, P4) and (P4, P5) to obtain the final estimates of these resistances and inductances.
For example, to obtain the values of R1 and L1, a simple ordinary differential equation was written for circuit
path between the points P1 and P2 as,
dIshort
dt
= −R1
L1
Ishort +
1
L1
V1,2. (3.40)
Here, Ishort denotes the current in the circuit shown in Fig. 5.6b in short circuit condition, i.e., when
Rplasma = 0 and V1,2 is the voltage across points P1 and P2. The time-dependent waveform of V1,2 was
obtained experimentally by sending a 100 V pulse with pulse-on-time of 5 µs in the circuit and measuring
the voltage drop across points P1 and P2. The current in the circuit (Ishort) was also measured by measuring
voltage drop across resistance (R2) between points P2 and P3 with initial estimate of R2 = 0.60 Ω. Treating
the experimental value of V1,2 as the input and experimental value of Ishort as the output in Eq. 3.40, linear
grey-box model estimation tool in MATLAB was used to estimate the values of R1 and L1. The values of R1
and L1 obtained from direct measurement were used as an initial guess to arrive at final estimates of R1 and
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L1 such that the value of Ishort obtained by Eq. 3.40 matches with the experimental measurement of Ishort
(normalized root-mean-square error < 1 %). Using a similar procedure, the final estimates of R3, L2, R4
and L3 were obtained as well. The final values of all the circuit components are given in Table 3.6.
Table 3.6: Measured values of micro-EDM circuit components
R1 = 0.286 Ω C = 551 uF
R2 = 0.60 Ω L1 = 1.15 µH
R3 = 0.220 Ω L2 = 2.05 µH
R4 = 0.270 Ω L3 = 1.20 µH
With known circuit parameters and given machining conditions, i.e., open gap voltage (V0), inter-
electrode gap distance (L) and initial dielectric conductivity (σdc,0); the ODEs from plasma chemistry, power
balance, plasma bubble dynamics and electrical circuit solver modules were solved in coupled-manner to ob-
tain evolution of plasma characteristics, i.e., plasma composition, plasma temperature, radius, pressure, heat
flux to electrodes along with plasma voltage and current.
3.9 RESULTS OF ENHANCED MICRO-EDM PLASMA MODEL
The enhanced micro-EDM plasma model discussed in section 3.7 can be used to simulate the plasma charac-
teristics such as plasma composition, temperature, pressure, radius, heat flux along with the plasma electrical
characteristics , i.e., resistance, voltage/current waveforms and discharge energy, during a micro-EDM dis-
charge. The voltage and current waveforms present information of the time-transient plasma voltage and
current that are otherwise difficult to obtain via direct measurements. The results of electrical character-
istics of the plasma, viz., plasma voltage, current, resistance and power have been discussed in Sec. 3.9.1
first followed by a discussion on how the key micro-EDM process parameters such as open gap voltage
and gap distance affect plasma resistance, voltage, current and discharge energy of a single discharge in
Sec. 3.9.2. Understanding the effect of open gap voltage and gap distance on the discharge energy can aid
in maximizing the discharge energy of micro-EDM for enhanced productivity.
3.9.1 Evolution of the Electrical Characteristics during a Typical Discharge
For a typical micro-EDM discharge with V0 = 100 V , L = 1 µm and σdc,0 = 10 µS/cm, time-evolution
of electrical characteristics of plasma, i.e., plasma voltage, current, resistance and power are plotted in
Fig. 3.16. The discharge is simulated for discharge duration of td = 5 µs. Time-averaged values of the
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electrical characteristics are tabulated in Table 3.7. From Eq. 6.3-3.39, it is clear that the resistance of
the plasma is governed by evolution of the electron density and size of the plasma during the discharge.
During a typical micro-EDM discharge, electron density of the plasma shows a steep increase within first few
nanoseconds to its maximum value before starting to decay slowly as the discharge progresses [131]. At the
same time, due to pressure created by various ionic/neutral species formed by dissociation and ionization
of the water molecule; the plasma bubble continues to expand radially outward, which increases its area of
contact (Aw) with the workpiece. Therefore, during the first few nanoseconds, increase in electron density as
well as the plasma bubble size cause the resistance of the plasma to collapse rapidly as shown in Fig. 3.16a.
However, once the electron density starts to decay from its peak value, resistance of the plasma shows a
gradual decrease in its value for most of the discharge duration.
Figure 3.16c shows that as the resistance of plasma drops due to formation of plasma channel, a plasma
current is established in the inter-electrode gap and it continues to grow as the resistance decreases. Model
predicts plasma resistance of 20 mΩ at the end of discharge duration of 5 µs, while the maximum current in
the plasma channel reaches ≈ 57 A at the end of the discharge. Due to a drop in resistance, the discharge
voltage, i.e., plasma voltage, is seen to drop from initial open gap voltage of V0 = 100 V to about 1.11 V at the
end of 5 µs. Figure 3.16b also depicts the model-predicted voltage drop across points P3 and P4 in the circuit
(see Fig. 5.6b) since an experimental measurement is typically obtained away from the electrodes such as
across points P3 and P4. Comparing the model predicted voltage across points P3 and P4 to the plasma
voltage in Fig. 3.16b suggests that a voltage measurement obtained experimentally can over-estimate the
plasma voltage by almost one to two orders of magnitudes. Using the waveforms of voltage and current,
electrical power going into a discharge is plotted against time as shown in Fig. 3.16d and it shows that the
plasma power is much less than the predicted power across points P3 and P4. To obtain electrical energy of a
discharge, numerical integration of the electrical power can be performed, which suggests that the discharge
energy for the typical discharge is 220 µJ as compared to predicted value of 5200 µJ across points P3 and
P4.
3.9.2 Effect of Open Gap Voltage and Gap Distance on Plasma Electrical
Characteristics: Resistance, Voltage, Current and Discharge Energy
In micro-EDM, the thermal energy causing electrode erosion comes from the electrical energy during a
discharge. This electrical energy, also known as the plasma discharge energy, is a result of time-transient
plasma voltage and current waveforms that are developed due to evolution of plasma resistance during the
discharge. Therefore, to understand the mechanism of material removal in micro-EDM, knowledge of the
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Table 3.7: Result of the micro-EDM plasma simulation for V0 = 100 V , L = 1 µm and td = 5 µs
Parameter Maximum Time-averaged Minimum
Plasma Voltage [V] 100a 1.28 1.11
Plasma Current [A] 56.83 35.47 0 a
Plasma Resistance [Ω] 2433a 1.75 0.02
Discharge Energy = 220 µJ
a At the beginning of the discharge
0 1 2 3 4 5
10−2
10−1
100
101
102
103
Time (µs)
R
es
is
ta
nc
e 
[Ω
]
 
 
Plasma Resistance
R
es
is
ta
nc
e 
[Ω
]
(a) Plasma Resistance
0 1 2 3 4 5
100
101
102
103
Time (µs)
Vo
lta
ge
 [V
]
 
 
Plasma voltage
Predicted voltage between points P
3
 and P
4
  (V
3,4
)
Vo
lta
ge
 [V
]
(b) Voltage
0 1 2 3 4 5
0
10
20
30
40
50
60
Time (µs)
Cu
rre
nt
 [A
]
 
 
Plasma Current
Cu
rre
nt
 [A
]
(c) Plasma Current
0 1 2 3 4 5
100
101
102
103
Time (µs)
Po
w
er
 [W
]
 
 
Plasma power
Predicted power between points P
3
 and P
4
Po
w
er
 [W
]
(d) Power
Figure 3.16: Model-predicted evolution of electrical characteristics of a typical micro-EDM plasma (V0 =
100 V , L = 1 µm)
electrical characteristics of the micro-EDM plasma, i.e., plasma resistance, plasma voltage, plasma current
and the discharge energy is essential. To study the effect of key micro-EDM process parameters such as open
gap voltage and gap distance on these electrical characteristics, simulation experiments were designed with
four levels of open gap voltage (V0) and eight levels of inter-electrode gap distance. The levels for these
parameters are chosen so as to cover a wide range of open gap voltages and gap values typically used in
micro-EDM and are tabulated in Table 3.8.
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Table 3.8: Levels of open gap voltage (V0) and gap used for simulation experiments
Process Parameter Levels
Open Gap Voltage
[V ]
100, 150, 200, 300
Gap [µm] 0.5,1,1.5,2,3,4,5,6
As seen from Fig. 3.16a, the plasma resistance value shows a rapid collapse during first microsecond of
the discharge before settling down to a smaller value for the rest of the discharge duration. The plasma
voltage too, shown in Fig. 3.16b, follows a similar trend. The plasma current, however, shows a continuous
increase before reaching to its maximum value at the end of the discharge (see Fig. 3.16c). Therefore, to
characterize the time-transient waveforms of the plasma resistance and the plasma voltage, their final value
(at t = 5 µs) is used, while the plasma current waveform is characterized by its time-averaged value during
the discharge. Figure 3.17a shows the effect of open gap voltage and gap distance on the final plasma
resistance. As seen from the figure, higher gap distance increases the resistance of the plasma during a
discharge for a given open gap voltage. This is due to the combined effect of electron density, size of the
plasma and the gap distance. Increase in the gap distance increases the electron number density [131],
however, decreases the radius of the plasma. As seen from Eqn. 3.37, the resistance of the plasma is directly
proportional to gap distance, and inversely proportional to the size of the plasma and electron density.
Therefore, as gap distance increases the plasma resistance increases for a given open gap voltage. However,
for a given gap distance, increase in open gap voltage decreases the resistance. This can be explained by the
fact that as voltage is increased, both electron density and plasma size increase [131] causing resistance of
the plasma to drop according to Eqn. 3.37.
Figure 3.17b presents the effect of the open gap voltage and gap distance on the time-averaged plasma
current. For a given open gap voltage, it can be seen that the value of plasma current does not show any
appreciable change as the gap distance increases. This is because the resistance of the plasma, as seen
from Fig. 3.17a, is approximately two orders of magnitude smaller than other resistances in the circuit
(Table 3.6). Therefore, for all practical purposes, the total resistance of the circuit remains at near-constant
value regardless of the changes in the plasma resistance. As a result, an increase in the plasma resistance
following an increase in the gap distance does not significantly affect the value of the current in the circuit
for a given open gap voltage. However, the plasma current increases when a higher open gap voltage is
applied due to Ohms law (I = VR ). Figure 3.17c presents the effect of open gap voltage and gap distance on
the plasma voltage that can be obtained by product of the plasma resistance and the current. The plasma
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voltage increases with increase in the gap distance for a given open gap voltage and also with an increase in
the open gap voltage for a given gap distance.
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Figure 3.17: Effect of open gap voltage and inter-electrode gap distance on the electrical characteristics of
micro-EDM plasma
Finally, Fig. 3.17d presents the effect of open gap voltage and gap distance on the discharge energy of the
plasma. When the gap distance is increased for a given open gap voltage, plasma current stays almost con-
stant, while plasma resistance increases. Therefore, as shown in Fig. 3.17a, discharge energy of the plasma
increases with an increase in the gap distance following Ohmic (Joule) heating law (Energy α I2Rplasma).
On the other hand, when the applied open gap voltage is increased at given gap distance, plasma resistance
decreases but current increases. As a combined result, the discharge energy of micro-EDM plasma is seen
to increase with an increase in the open gap voltage when gap distance is held constant. Many experimen-
tal studies have shown that a higher discharge energy results in a higher material removal rate (MRR) in
EDM [23,45,53,132–134].
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3.10 SUMMARY
This chapter explains development of a spatially uniform model of micro-EDM plasma discharge in deionized
water. The plasma discharge was modeled using a coupled system of particle balance equation, energy
balance equation and the plasma bubble dynamics. Using chemistry of H2O plasma, number densities of
different species in the plasma were estimated as a function of time using the particle balance equation.
Time evolution of the plasma temperature was given by solving two separate energy balance equations for
two separate temperatures, one for electrons and another for ensemble of ions and neutrals. It is shown that
the electrons and ions/neutrals attain thermal equilibrium via energy exchange to reach a common plasma
temperature. Expansion of plasma bubble was modeled by the plasma dynamics following Kirkwood-Bethe
equation. Using the model, a single discharge of a typical micro-EDM process is simulated in order to obtain
complete temporal description of the plasma characteristics. Further, simulation experiments are carried out
to investigate effect of applied electric field and inter-electrode gap distance on the micro-EDM plasma.
Using the plasma model, a micro-EDM discharge was characterized by the number densities of different
species in the plasma, temperature of the plasma, radius and velocity of the plasma bubble, pressure of
the plasma bubble as well as the heat flux transferred to the workpiece during the discharge process. It
was found that the application of higher electrical field at a given inter-electrode gap increases the electron
density, plasma temperature, plasma radius, plasma pressure and the heat flux to the workpiece, while
increasing gap distance for a given electric field results in decrease of overall plasma density and increased
heat flux. At fixed electric field, plasma pressure and radius decrease when the gap is increased when electric
field is greater than 100 MV/m, but increase when the electric field is below 100 MV/m.
The micro-EDM plasma model was further enhanced by adding a new electrical circuit solver module
to solve for time-transient electrical characteristics of the plasma such as plasma resistance, plasma voltage
and current. Simulation experiments were carried out to investigate the effect of applied open gap voltage
and inter-electrode gap distance on micro-EDM plasma resistance, plasma voltage, current and the discharge
energy.
To solve for the plasma voltage and plasma current during a micro-EDM discharge, plasma was modeled
as a simple resistor element to solve the current equation for the EDM pulse-generating circuit. To obtain
the resistance of the plasma, dc-conductivity of the plasma was used along with the size of the plasma given
by plasma bubble dynamics module.
From the predictions of the enhanced model, it was seen that the resistance of gap after the plasma
formation drops to a value that is almost two orders of magnitude smaller compared to the equivalent
impedance of rest of the micro-EDM discharge circuit. This leads to a sharp voltage drop across the electrodes
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that may be difficult to obtain accurately by a direct measurement due to presence of any stray resistances
between the measurement points. Also, due to smaller value of plasma resistance, any stray resistance
present between the measurement points across the plasma may lead to over-estimation of the actual plasma
voltage. As a result, the discharge energy that is going into the plasma during each discharge and causing
material removal in micro-EDM may be over-estimated as well.
Simulation experiments conducted with the enhance model revealed that the application of a higher
open gap voltage decreases the plasma resistance but increases the plasma current resulting in an increase
of the discharge energy for a given gap distance. Whereas, an increase in the inter-electrode gap distance
increases the plasma resistance but does not affect the plasma current, thereby, increasing the discharge
energy at a fixed open gap voltage.
In the next chapter, the results of heat flux and pressure predicted by the micro-EDM plasma model
are used to develop a workpiece melt-pool model consisting Navier-Stokes equation coupled with the heat
equation. Using the melt-pool model, material removal mechanism in micro-EDM process is understood and
volume of the material removed is estimated.
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Table 3.9: Plasma reactions and corresponding reaction rate constants in the form a ∗ T b ∗ exp(c ∗ T d) [112,
135]
Reaction a b c d Eth
e− +H2O −→ e− +H2O f(Te) [135]
e− +H2O −→ e− + e− +H2O+ f(Te) [135] 13.5
e− +H2O −→ e− + e− +H +OH+ f(Te) [135] 18.116
e− +H2O −→ O+ +H2 + e− + e− f(Te) [135] 19
e− +H2O −→ e− + e− +H+ +OH f(Te) [135] 16.9
e− +H2O −→ O +H+2 + e− + e− f(Te) [135] 20.7
e− +H2O −→ H +OH + e− f(Te) [135]
e− +H2O −→ H− +OH f(Te) [135]
e− +H2O −→ H2 +O− f(Te) [135]
e− +H2O −→ OH− +H f(Te) [135]
H2O+ +H2O −→ H3O+ +OH 2.10E-15 0 0 0
OH+ +H2O −→ H3O+ +O 1.30E-15 0 0 0
e− +H3O+ −→ H2O +H 1.74E-14 -0.5 0 0
e− +H3O+ −→ OH +H +H 4.15E-14 -0.5 0 0
e− +OH −→ e− + e− +OH+ 1.99E-16 1.78 -13.8 -1 12.95
e− +OH −→ e− +O +H 2.08E-13 -0.76 -6.91 -1
e− +OH+ −→ e− +O +H+ 1.64E-10 -2.04 -15.1 -1
e− +H2 −→ e− + e− +H2+ 1.03E-14 1.61 -17.9 -1 15.43
e− +H2 −→ e− +H +H 2.51E-13 -0.8 -10.9 -1
e− +H2+ −→ e− +H+ +H 1.79E-13 -0.87 -6.92 -1
H +H +H −→ H2 +H 1.55E-46 -1 0 0
H +H +H2 −→ H2 +H2 1.55E-46 -1 0 0
O +OH −→ H +O2 3.74E-17 0.28 0 0
H +H +OH −→ H2O +H 4.61E-46 -2 0 0
e− +H −→ e− + e− +H+ 7.78E-15 0.41 -13.6 -1 13.6
e− + e− +H+ −→ H + e− 6.38E-43 1.09 0 0
e− +O −→ e− + e− +O+ 1.57E-14 0.43 -14.75 -1 13.62
e− + e− +O+ −→ O + e− 2.59E-42 -1.07 -1.13 -1
e− +O+ −→ e− + e− +O++ 5.87E-15 0.41 -36.84 -1 35.12
e− + e− +O++ −→ O+ + e− 9.72E-43 -1.09 -1.72 -1
e− +O++ −→ e− + e− +O+++ 2.02E-15 0.45 -55.94 -1 54.94
e− + e− +O+++ −→ O++ + e− 3.35E-43 -1.05 -1 -1
e− +O2 −→ e− +O +O 5.72E-16 0.5 -8.4 -1
O2 +O2 −→ O +O +O2 5.80E-15 -0.83 -5.12 -1
O2 +O −→ O +O +O 1.30E-14 -1 -5.12 -1
O +O +O2 −→ O2 +O2 8.60E-46 -0.33 0 0
O +O +O −→ O2 +O 1.90E-45 -0.5 0 0
e− + e− +H2O+ −→ H2O + e− 4.92E-42 -1.27 -6 -1
e− +O2 −→ e− + e− +O2+ 1.27E-15 1.36 -11.41 -1 12.1
e− +O2+ −→ O +O 2.10E-14 -0.5 0 0
Surface Reactions Probability
H +H −→ H2 3.00E-02
O +O −→ O2 2.00E-02
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Chapter 4
Modeling of Micro-EDM Melt-pool Formation
and Material Removal
4.1 INTRODUCTION
In order to address low material removal rates in micro-EDM, there is a need to understand the mechanism
of material removal in micro-EDM and provide means to optimize the machining parameters to improve
process efficiency. Several attempts have been made in this regard by researchers to estimate the material
removal in conventional EDM [18] as well as in micro-EDM [19–22] using mathematical models. While
it is believed that melting and partial evaporation are the predominant modes of material removal in both
cathode and anode, most of the modeling studies consider the material to be a solid body and do not
account for hydrodynamic effects. More importantly, to estimate the micro-EDM plasma parameters such as
heat flux and plasma radius, an empirical approach has been used. These limitations drive the need for a
model that uses a physics-based plasma model to obtain the plasma parameters, accounts for the formation
of the melt-pool on electrode surface and predicts the subsequent material removal. This chapter discusses
development of such a micro-EDM melt-pool model for a single discharge micro-EDM process. The inputs
of plasma radius, pressure and heat flux are obtained from the micro-EDM plasma model described in the
previous chapter. To model the dynamics of the melt-pool, heat transfer and fluid flow equations are solved
together in the domain containing dielectric and the workpiece. Due to its wide usage, deionized water is
considered as the dielectric medium, while Titanium (Alloy 90Ti-6Al-4V) is taken as the workpiece material.
The chapter commences with details of the the modeling approach used to describe the micro-EDM
melt-pool. Next, model evaluation using the inputs of the electrical power from experiments and plasma
parameters from the micro-EDM plasma model is described. The final section presents the melt-pool simu-
lation for a typical micro-EDM discharge detailing evolution of temperature and velocity distributions in the
melt-pool during a discharge.
4.2 MODEL FORMULATION
Basic stages of a single micro-EDM discharge shown in Fig. 3.1 are presented again in Fig. 4.1 for conve-
nience. In micro-EDM, the tool (cathode) and workpiece (anode) are separated by a gap distance of the
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order 1− 10 µm filled with dielectric fluid. A discharge is then made by applying a voltage between the
electrodes for a small duration of time. The high intensity electric field generated by the applied voltage in
a small gap breaks down the dielectric medium causing the current to rise and form a plasma channel in the
gap. The plasma channel expands radially, while heating the workpiece and tool electrode surfaces. At the
end of the discharge, the plasma channel collapses causing implosion of the dielectric fluid and splashing of
the melt-pool, leaving behind small craters on the electrode surface [22].
Figure 4.1: Schematic of a single discharge of micro-EDM process [131] along with voltage and current
conditions showing three main stages: (a) dielectric breakdown stage,(b) discharge stage, and (c) post-
discharge stage (1: Electrodes, 2: Dielectric, 3: Vapor bubble, 4: Plasma discharge column, 5: Melt-pool, 6:
Debris, 7: Bubbles, 8: Crater )
Due to complexities involving micro-EDM plasma, dielectric medium, melt-pool formation at both tool
and workpiece electrodes, plasma collapse and flushing of the dielectric etc., the heat flux, pressure and
radius of the plasma were obtained separately by simulating a micro-EDM model [131] and thereafter, the
melt-pool formation due to a single discharge micro-EDM event was modeled based on the outputs of the
plasma model. As shown in Figure 4.2, plasma heat flux and pressure from the plasma model were imposed
on the workpiece surface to model the temperature distribution and flow of the melt-pool. Furthermore, fol-
lowing assumptions were made to simplify the model. These assumptions were adapted from the literature
on the micro-EDM modeling [18,22,136] and the weld-pool modeling [137,138].
1. Workpiece and tool material are homogeneous and isotropic.
2. Thermo-physical properties of the workpiece material do not vary with temperature except at the
phase change. Thermo-physical properties of the dielectric material are assumed to be constant with
temperature.
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3. Liquid phase of the workpiece material and dielectric fluid are incompressible and the flow in the
melt-pool is laminar.
4. Vaporization of the dielectric and the workpiece material is neglected.
5. After the discharge, it is assumed that 100% of the molten material is removed from the workpiece
surface [19, 20, 22]. In actual process, the molten material is ejected due to plasma implosion at the
end of the discharge. Therefore, some of the material may re-solidify in and around the crater.
Figure 4.2: Schematic of the micro-EDM melt-pool modeling domain: a) Tool electrode (cathode), b) Work-
piece electrode (anode), c) Dielectric fluid, d) Plasma channel, and e) Melt-pool at the workpiece surface
In order to model a melt-pool formation in micro-EDM, the plasma characteristics that influence the
material removal in micro-EDM, namely, plasma radius, pressure and heat flux need to be obtained first
from micro-EDM plasma model describe in Chapter 4. Electrical voltage and power going into the micro-
EDM plasma measured during the experiments serve as the inputs to the plasma model along with the inter-
electrode gap distance. Since the model assumes spatially uniform plasma characteristics in the plasma
bubble, Gaussian functions in space were imposed onto the values of heat flux and pressure predicted by the
model to mimic spatial variation of these quantities,
Qin(r, t) = Q0(t)F (r), 0 ≤ r ≤ R(t), (4.1)
and,
P (r, z, t) = P0(t)G(r, z), 0 ≤ r ≤ R(t), 0 ≤ z ≤ L, (4.2)
where, Q0(t) [W/m2] and P0(t) [N/m2] are the time-dependent values of heat flux and plasma pressure
predicted by the plasma model [131], respectively. R(t) [m] is the radius of the plasma bubble predicted
by the model and L [m] is the inter-electrode gap distance. F (r) is the Gaussian function imposed on the
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heat flux in radial direction and G(r, z) is the Gaussian function imposed on the pressure in radial and axial
directions,
F (r) =
R(t)2
2σ2R
[
1− exp
(
−R(t)2
σ2R
)]exp [− r2
2σ2R
]
, (4.3)
and
G(r, z) = exp
[
− r
2
2σ2R
]
exp
[
− (z − L/2)
2
2σ2z
]
, (4.4)
with parameters σR and σz suitably chosen as,
σR = Re/3, (4.5)
σz = L/3, (4.6)
where, Re [m] is the tool electrode (cathode) radius.
Due to intense heat generated by the plasma during the micro-EDM process, workpiece material is in
molten state during the discharge. Therefore, differential equations governing hydrodynamic flow and heat
transfer need to be solved together in the domain. Also, due to advection and convection effects in the melt-
pool, workpiece surface undergoes deformations that can not be neglected. Therefore, the physics governing
the tracking of the workpiece surface due to the deformations is also included in this model.
4.2.1 Workpiece Surface Tracking
In order to model the surface tracking, the level set method can be applied [139]. In a level set method,
a function φ(r, z, t) is defined over the entire domain to describe the interface according to the following
criteria:
φ(r, z, t)

< 0.5, dielectric ;
= 0.5, interface ;
> 0.5, workpiece .
(4.7)
Due to function φ that is defined everywhere in the domain, it is possible to transform the domain into a
continuum where any physical property f such as density (ρ), viscosity (η), etc. can be defined at each point
(r, z) in the domain as,
f = fdielectric + (fworkpiece − fdielectric)φ . (4.8)
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The movement of the surface can then be described by a differential equation, which is solved together
with Navier-Stokes and heat-transfer equations [139],
∂φ
∂t
+ u · ∇φ = γls∇ ·
(
ls ((∇φ · n)n)− φ(1− φ) ∇φ|∇φ|
)
. (4.9)
Here, u [m/s] is the velocity vector, ls is the interface thickness that is generally set to half of the
maximum mesh element size in the domain. The term γls is the stabilization parameter that determines the
repetition of the re-initialization for each time step. The γls was suitably set to 11. The interface normal
vector, n, is defined by,
n =
∇φ
|∇φ|
∣∣∣∣
φ=0.5
. (4.10)
Based on n, curvature of the free surface, i.e., the interface between the dielectric and the workpiece,
can be found out as,
κS = −∇n|φ=0.5 . (4.11)
Surface curvature, κS [1/m], is essential in implementing the surface tension force. However, as the
interface is changing over time, it is necessary to transform surface forces such as surface tension and plasma
pressure into volumetric forces using a smoothed, continuously differentiable delta function [139],
δ = 6|∇φ||φ(1− φ)| . (4.12)
4.2.2 Heat Transfer
The heat transfer in the entire domain can be described using differential equation,
ρcp
∂T
∂t
+ ρcpu · ∇T = ∇ · (k∇T ) +Qinδ , (4.13)
where, ρ [kg/m3] is the density, cp [J/(kg.K)] is the specific heat capacity, T [K] is the temperature,
k [W/(m.K)] is the thermal conductivity, Qin [W/m2] represents the incoming heat flux from the plasma
to the workpiece surface given by Eq. 4.1.
In order to model the phase change of workpiece material from solid to liquid, a smoothed Heaviside
function, H(T ), was used to represent volume fraction of the liquid phase, gl, at each grid point in the
domain. δTm is the width of the temperature region (Mushy Zone) in which H(T, δTm) changes from 0 to
1 and was assumed to be 50 K [137]. This allows us to define the workpiece material as a continuum (see
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Fig. 4.3), where thermo-physical properties of the material can be defined as,
f(T ) = fsol − (fsol + fliq)gl , (4.14)
with, gl = H(T ) =
1
2
+
1
2
erf
(
T − Tm
10
)
. (4.15)
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Figure 4.3: Smoothed Heaviside Step Function
To account for change in the enthalpy of the material in going from solid phase to liquid phase, specific
heat capacity (Cp) was formulated as,
Cp = Csgs + Clgl +Hf
d
dT
(H(T )) , (4.16)
where, Cs [J/(kg.K)] is the specific heat capacity of the solid phase, Cl [J/(kg.K)] is the specific heat
capacity of the liquid phase, Ts [K] is the solidus temperature,Tl [K] is the liquidus temperature, Hf [J/kg]
is the latent heat of fusion and H(T ) is the smoothed Heaviside function given in Eq. 7.11.
4.2.3 Hydrodynamics
Assuming the melt-pool is an incompressible fluid, the fluid motion in the melt-pool can be described using
Navier-Stokes equation and the equation of continuity as,
ρ
∂u
∂t
+ ρ(u · ∇)u = ∇ · [−pI+ µ (∇u+ (∇u)T)]
+Fsur + Fm , (4.17)
∇ · u = 0 , (4.18)
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where, p [Pa] is the pressure and I is the identity tensor.
The force term Fsur contains surface tension force, the Marangoni force and the force exerted by plasma
pressure,
Fsur =
[
2γκSn− ∂γ
∂T
(I− nn) · ∇T − Pn
]
δ , (4.19)
where, γ [N/m] is the surface tension of liquid phase of workpiece material, specified as a function of
temperature. The surface forces were multiplied by δ to convert them into volumetric forces and make sure
that they appear only at the interface between dielectric and workpiece. Plasma pressure, P was given by
Eq. 4.2.
In order to impart zero velocities in the solid region, an artificial damping force Fm was introduced in
the Navier-Stokes equations [137],
Fm =
µ
K
ρ
ρl
u . (4.20)
Here, a permeability function K analogous to fluid flow in porous media was assumed employing the Carman-
Kozeny equation [137] :
K =
g3l
c1(1− gl)2 , c1 =
180
d2
, (4.21)
where d is proportional to dendrite dimension, which was assumed to be 10−2cm [137].
4.2.4 Geometry and Boundary Conditions
To model the melt flow, a 2D axisymmetric domain was considered as shown in Fig. 4.4. A cylindrical coor-
dinate system was placed at the center of the initial free surface of the workpiece. The domain was meshed
with free triangular elements with denser mesh density near the initial dielectric-workpiece interface. The
boundary conditions used are given in Table 4.1.
Table 4.1: Boundary conditions for numerical calculations
Boundary
(see Fig. 4.4)
Navier-Stokes equation Heat transfer equation
AE Symmetry Symmetry
CD, DE No slip (u = 0) Adiabatic wall (∇T = 0)
AB Pressure inlet, no viscous stress (p =
1 atm,
[
µ
(∇u+ (∇u)T )]n = 0) Adiabatic wall (∇T = 0)
BC Pressure outlet (p = 1 atm) Adiabatic wall (∇T = 0)
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Figure 4.4: Modeling domain with boundary conditions
4.3 MODEL EVALUATION
In order to evaluate the melt-pool model, single discharge experiments were carried out first on a customized
micro-EDM setup consisting of a hybrid RC-transistor-based circuit [15] to generate a single DC voltage
pulse of 200 V and pulse width of 2 µs. A 100 µm diameter tungsten rod was used as Tool electrode with
negative polarity (cathode), while grade-5 titanium alloy (90Ti-6Al-4V) was used as the workpiece (anode).
De-ionized water was used as dielectric liquid. The inter-electrode gap distance (L) were chosen to be 2 µm.
Voltage and current data for the discharge was collected during the experiments using a 2 GigaSamples/s
Tektronix TDS2024B oscilloscope. A typical voltage and current waveform of micro-EDM discharge is shown
in Fig. 4.5. The voltage across the electrode gap is at open gap voltage at the beginning of the discharge
and the current is zero due to the dielectric present in the gap that acts as an insulator. But as the electric
field intensity reaches the dielectric strength of the dielectric material, dielectric breaks down and discharge
plasma is formed in the gap allowing a current to flow from the anode to the cathode. The voltage measured
across the electrodes drops as the current flows in the gap as seen in Fig. 4.5. Instantaneous power (P0(t))
was obtained by taking product of instantaneous voltage (V (t)) and current(I(t)) to be used as an input for
the micro-EDM plasma model.
The heat flux, pressure and radius of the plasma required for the melt-pool model were obtained from
the micro-EDM plasma model [131] for given discharge conditions. The results of plasma heat flux, radius
and pressure are plotted in Fig. 4.6.
The melt-pool model described in Section 4.2 was solved with COMSOL 4.3a Multiphysics R© software.
PARDISO solver was used with double precision settings and automatic time-stepping to solve coupled
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Figure 4.5: Typical micro-EDM discharge waveform with V0 = 200 V, L = 2 µm
energy-momentum equations. Thermo-physical properties of the workpiece material (Grade 5 Titanium)
and the dielectric liquid (DI water) used in the melt-pool simulation are shown in Table 4.2.
4.4 MICRO-EDM MELT-POOL SIMULATIONS
Figure 4.7 presents the evolution of the melt-pool in the workpiece material and corresponding velocity
distribution of the melt-pool for inter-electrode voltage of 200 V and gap distance of 2 µm . Initially, at t = 0
the material in the domain is assumed to be at uniform ambient temperature. As the time progresses, the
heat flux from the plasma heats the workpiece surface converting a part of it into liquid forming a melt-pool.
The surface of the melt-pool is acted upon by the hydrodynamic forces such as plasma pressure and surface
tension. For the pressure values predicted by the plasma model, it is seen that the pressure force is the most
dominant force, which deforms the top surface of the melt-pool. As seen in Figure 4.7, as more and more
heat flux is supplied to the workpiece surface, temperature at the center of the melt-pool rises and the heat is
conducted in radial and axial direction away from the center. Also, the radius of the plasma bubble grows in
size as the discharge progresses, effectively bringing more area of the workpiece surface under influence of
the plasma heat flux and pressure. Therefore, the size of the melt-pool grows in radial (r) as well as in axial
(z) direction as depicted by the white contour line plotted in Fig. 4.7a, 4.7c, 4.7e, and 4.7g at each time step
of 0.5 µm during the discharge duration of 2 µs. The diameter of the melt-pool is 38 µm at t = 0.5 µs, which
grows to 78 µm at the end of the discharge duration at t = 2 µs . Similarly, the depth of the melt-pool grows
from 3.6 µm to 8.1 µm from t = 0.5 µs to t = 2 µs. It is noted that the maximum temperature in the domain
predicted by the model is 7769 K occurring at t = 1.2 µs, which is higher than what is observed in the actual
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Figure 4.6: Plasma characteristics for a micro-EDM discharge with V0 = 200 V, L = 1 µm
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Table 4.2: Thermo-physical properties
Property Symbol Value Unit
Titanium Alloy (90Ti-6Al-4V) [139,140]
Density of solid phase ρs 4520 kg.m−3
Density of liquid phase ρl 4110 kg.m−3
Thermal conductivity of solid
phase
ks 30 W.m−1.K−1
Thermal conductivity of liquid
phase
kl 21 W.m−1.K−1
Specific heat of solid phase cs 610 J.kg−1.K−1
Specific heat of liquid phase cl 700 J.kg−1.K−1
Thermal expansion coefficient βT 8× 10−6 K−1
Melting point Tm 1903 K
Solidus temperature Ts 1878 K
Liquidus temperature Tl 1928 K
Width of the temperature region
in mushy zone
δTm 50 K
Ambient/Initial temperature Ta 300 K
Latent heat of fusion Hf 3.7× 105 J.kg−1
Dynamic viscosity µ 0.005 kg.m−1.s−1
Surface tension γ 1.65− 2.4× 10−4(T − Tm) Nm−1
Deionized water
Density ρ 1000 kgm−3
Thermal conductivity k 2.18 Wm−1K−1
Specific heat cs 4200 Jkg−1K−1
Dynamic viscosity µ 0.001 kgm−1s−1
process [17]. This is because the melt-pool model discussed in this paper neglects the vaporization of the
workpiece material and the latent heat of vaporization during the phase change from liquid to vapor. Also,
the plasma model used to estimate the heat flux assumes spatially uniform plasma characteristics. A better
estimation of the temperature distribution can be obtained by more accurate plasma model and modeling of
vaporization of the workpiece material along with the melt-pool evolution.
The velocities of the melt-flow during the discharge are presented in Fig. 4.7b, 4.7d, 4.7f, and 4.7h.
The flow of the molten material is mainly dictated by the Marangoni stress, i.e., temperature-dependent
surface tension force, and the plasma pressure. Due to strong temperature gradients in the melt-pool from
center towards the edge, a strong Marangoni stress is exerted on the material, pushing the material radially
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outward from the center. Therefore, the maximum velocities are observed at the edges of the melt-pool
as seen from Fig. 4.7b, 4.7d, 4.7f. The model predicts maximum velocity of 130 m/s in the melt-pool at
t = 0.9 µs.
To estimate the volume of material removed during the discharge, the size and shape of the resulting
crater predicted by the melt-pool model can be used. Geometry of the crater can be obtained from tem-
perature distribution at the workpiece surface (Fig. 4.7g) at the end of the discharge (t = 2 µs). Assuming
100% flushing efficiency by the dielectric liquid at end of the discharge, the workpiece material above melt-
ing point of the material can be considered to be removed by the discharge. Using this methodology, the
model predicts crater radius of 39 µm and depth of 8.1 µm, giving total volume removed per discharge to be
3.12× 105 µm3.
4.5 SUMMARY
This chapter explains development of a melt-pool model to estimate the material removed in a single dis-
charge of micro-EDM process. The melt-pool was modeled by solving heat transfer and fluid flow equations
in the domain containing the dielectric and workpiece materials. To model the flow of liquid metal under
hydrodynamic forces such as the plasma pressure and surface tension, level-set method was used to calcu-
late the liquid and solid fractions of the workpiece material in the domain. Using the melt-pool model, the
micro-EDM melt-pool formed due to application of micro-EDM plasma heat flux and pressure was simulated
to obtain temperature distribution in the workpiece and shape of the resulting crater. Values of the plasma
heat flux, pressure and radius are obtained by simulating micro-EDM plasma model described in Chapter 4
for the discharge conditions specified by inter-electrode voltage and gap distance.
The micro-EDM melt-pool model was used to predict the temperature distribution and the melt-flow of
the workpiece material under influence of micro-EDM plasma heat flux and pressure. Assuming 100% of the
molten material is removed after the plasma collapse at the end of the discharge, profiles of the melt-pool
was estimated as the profile of the resulting crater.
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(d) Melt-pool Velocities
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Figure 4.7: Evolution of temperature and velocities of the melt-pool in a typical micro-EDM discharge with
V0 = 200 V,L = 2.0 µm (shape of the melt-pool is traced by white contour line)
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Chapter 5
Experimental Validation of Micro-EDM Plasma
and Material Removal Models
5.1 INTRODUCTION
The objective of the research described in this chapter is to conduct micro-EDM experiments in order to
validate the micro-EDM plasma model and the material removal model described in Chapter 3 and 4, re-
spectively. A partial validation of the micro-EDM plasma by comparing the plasma temperature and electron
density predictions of the model across different machining conditions to the corresponding experimental
measurements available in the literature. To further establish the accuracy of the micro-EDM model, single-
discharge micro-EDM experiments are conducted and the experimental measurements of plasma resistance,
discharge voltage and plasma current are compared with the micro-EDM model predictions. Validation of
micro-EDM melt-pool and material removal model is accomplished by conducting single discharge micro-
EDM experiments at different combinations process parameters, i.e., open gap voltage and inter-electrode
gap distance, and comparing the experimental measurements of resulting crater geometries to the model-
predictions.
The chapter begins with description of the experimental testbed development, which covers design re-
quirements of the micro-EDM testbed, testbed topology, single-discharge EDM circuit design, and actuation
and control of the testbed. Next, experimental validation of the micro-EDM plasma model, i.e., model
described in Chapter 3 is presented. Finally, validation of the melt-pool model presented in Chapter 4 is
discussed.
5.2 TESTBED DEVELOPMENT
In order to conduct the validation experiments, a micro-EDM machine tool was required. Since the micro-
EDM plasma model and the material removal model presented in this research predict the micro-EDM pro-
cess characteristics at a single discharge level, a micro-EDM circuit capable of generating single voltage
pulses was needed. Commercially available micro-EDM circuits are not designed for single discharge duty
as it is not required for industrial applications. Also, these circuits are in-built in the machine tools making it
difficult to measure values of all the circuit components. Furthermore, in a commercial micro-EDM system,
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only a few process parameters can be controlled by the operator, while most of the process parameters are
fixed or linked to each other with a custom algorithm to ensure good machining performance. As a result,
the exact machining conditions used on a commercial setup are often unknown. For experimental valida-
tion of a micro-EDM model, the model needs to simulated with the same machining condition used in the
experiments. Therefore, it was determined that a commercial micro-EDM machine would be unfit for the
experimental validation and a customized testbed needed to be developed.
5.2.1 Design Requirements
Micro-EDM process is typically characterized by small tool electrodes, narrow inter-electrode gaps (< 10 µm)
and short pulse-widths (also known as ’pulse-on time’). These characteristics guided the design requirements
for the micro-EDM testbed design. Also, in order to obtain fundamental understanding of the micro-EDM
plasma process and material removal mechanism, it was essential to study a single-discharge operation of
micro-EDM process as formulated by the models. With these general guidelines in mind, following specific
requirements were identified for the testbed.
1. Since the micro-EDM models discussed in Chapter 3 and 4 assumed deionized water as the dielectric
medium, it was necessary to have both, the tool and the workpiece electrodes completely immersed
in the dielectric water during the experimentation. Moreover, the volume of the dielectric needed
to be large enough not to allow significant deviation in the thermo-physical properties and electrical
conductivity of the water due to debris created during micro-EDM discharges.
2. Inter-electrode gaps used in micro-EDM are typically of the order of a few microns (0.1 − 10 µm).
Therefore, the testbed needed to have sub-micron accuracy in setting the gap between the electrodes.
The machine also required to be capable of detecting ’zero gap’, i.e. condition when electrodes are in
contact with each other, in order to provide reference for the gap setting.
3. The testbed required to be able to move the tool electrode relative to the workpiece in the plane
perpendicular to the tool axis in order to allow micro-EDM discharges at different locations on the
workpiece.
4. Typical tool electrodes used in micro-EDM are small in diameter (a few hundred microns in diameter).
Therefore, a tool holder able to hold small diameter cylindrical tool was required. Both tool and work-
piece electrodes needed to be electrically isolated from rest of the testbed in order to avoid unwanted
electrical impedance in the discharge circuit.
112
5. The testbed also needed to have unhindered optical access to the plasma discharge taking place be-
tween the electrodes in order to employ optical emission spectroscopy for plasma characterization.
5.2.2 Testbed Topology
To meet the design requirements, a 3-axis micro machine tool (mMT) previously developed at University
of Illinois [141] was retro-fitted with a dielectric tank, tool holder, workpiece holder and a piezoelectric-
actuated flexure for the workpiece stage. The 3-axis mMT has encoder resolution of 0.1 µm and 1 σ repeata-
bility < 0.5 µm along each of the three machine axes. A CAD model of the final assembly of the micro-EDM
testbed is shown in Fig. 5.1 and an actual picture is shown in Fig. 5.2. As shown in Fig. 5.1, the 3-axis mMT
has ability to traverse the tool electrode in X-Y plane in order to change the location of the discharge on
the workpiece, while the dielectric tank with workpiece holder can move in Z-direction, i.e., along the axis
of the tool, to set the inter-electrode gap. Each stage is equipped with optical linear encoder with 100 nm
resolution. Piezoelectric-actuated flexure fitted on the Z-stage was used to further increase the accuracy of
gap setting. The piezo-actuator (PI P-178) had a range of 20 µm with an open loop resolution of 0.4 nm. A
CCD displacement sensor (LK-G10) with 20 nm resolution was used to track the movement of the flexure.
(a)
(b)
Figure 5.1: 3D CAD model of micro-EDM testbed
The tool-holder and dielectric tank were made of polymer to electrically isolate the electrodes from the
mMT. A micro pin vise was used to hold a cylindrical tool of 100 µm or 500 µm diameter. A workpiece
with 15 mm x 15 mm x 0.8 mm was secured on the workpiece holder by means of small screws. A light
guide made of optical fibers was also attached to the tool-holder close to the tool tip in order to guide the
light emitted during a micro-EDM discharge to a Starlight Mx716 spectroscope (refer to Fig. 5.2). A plano-
convex lens (LA1304-ML) was used to focus the light from the optical fiber light guide to 0.25 mm x 5 mm
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Figure 5.2: Micro-EDM testbed
spectroscope slit.
5.2.3 Single-discharge EDM Circuit
To carry out single-discharge experiments for model validation, a single-discharge EDM circuit was required.
The first design requirement for the circuit was that the circuit had to be flexible enough to generate a single
square voltage pulse of given voltage in the range of 25−300 V and given pulse-width (pulse-on time) in the
range of 0.5 − 10 µs between the electrodes. Also, the voltage and current waveforms during a micro-EDM
discharge needed to be captured to measure electrical power going into a discharge. Finally, the circuit also
needed to monitor the gap conditions during the inter-electrode gap setting.
To meet the design requirements of the discharge circuit, a hybrid RC-transistor-based circuit (i.e. dis-
charge circuit) was used to generate a capacitor discharge with pulse width controlled by a metal oxide
semiconductor field effect transistor (MOSFET). A gap detection circuit is also connected across the tool and
workpiece electrodes in parallel to the discharge circuit. Figure 5.3 shows the schematic of the whole circuit.
Nominal values of the electrical components used in the circuit are listed in Table 5.1.
As shown in Fig. 5.3, a DPDT relay separates the discharge circuit from the gap detection circuit. During
the gap setting, the tool and workpiece electrodes are connected to the gap detection circuit. Gap detection
circuit contains two resistors of equal values, one in series and one parallel to the inter-electrode gap. A small
DC voltage of 6 V is supplied in the circuit and voltage across the resistor parallel to the gap is measured,
i.e., across points P6 and P7 (refer o Fig. 5.3). When the electrodes are not in electrical contact with each
other, voltage of 3 V is measured across points P6 and P7. However, the voltage drops to zero when the
electrodes are in contact, i.e., when ’zero gap’ is reached. Thus, a reference of ’zero gap’ can be detected for
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Figure 5.3: Single-discharge micro-EDM circuit
Table 5.1: Description of the circuit components used in the single-discharge micro-EDM circuit shown in
Fig. 5.3
Component Nominal Value Model Number Specifications
DC Voltage Supply 0 to ±3100 V Fluke 415B Output Current: 0 − 30 mA,
Resolution: 5 mV
R1 50 kΩ PF2470 Tolerance = ±1%, Power =
100 W
R2 0.5 Ω Tolerance = ±1%, Power =
100 W
Capacitor 390 µF (Three sets of
two in-series capaci-
tors connected in par-
allel)
ECO-S2WP391EA Aluminum Capacitor, 450 V,
2240 mA
MOSFET - SCT2080KEC-ND N-Channel MOSEFET, Drain-
Source Breakdown Voltage =
1200 V, Drain-Source Resis-
tance = 80 mOhm, Contin-
uous Drain Current = 40 A,
Rise Time = 36 ns, Fall Time
= 22 ns
DPDT Relay RT425024 Coil Voltage = 24 VDC, Max.
Contact Current = 8 A, Coil
Resistance = 1.44 kΩ
R3, R4 1 kΩ
inter-electrode gap setting using the gap detection circuit.
Once the gap is set, the DPDT relay disconnects the electrodes from the gap detection circuit and connects
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them to the discharge circuit. The circuit works on the principles of resistor-capacitor discharge. The N-
channel MOSFET connected to the ground side of the load (i.e., plasma in the inter-electrode gap) acts as
a switch. As shown in Fig. 5.3, the capacitor is constantly charged with required open gap voltage supplied
by VDC . Initially, the MOSFET is open, not allowing the capacitor to discharge through the inter-electrode
gap. However, upon setting the gap, a voltage pulse with given pulse width and amplitude greater than gate
threshold voltage of the MOSFET is supplied to the MOSFET by a pulse generator (HP-214B). This voltage
pulse closes the drain and source terminals of the MOSFET for the duration of the pulse-width, allowing
the cathode to be connected to the ground and discharging the capacitor through the inter-electrode gap.
Thus, a single micro-EDM discharge between the electrodes is obtained. During the discharge waveform
of discharge voltage can be obtained by measuring the voltage across the electrodes. The waveform of
discharge current can be obtained by measuring the voltage across a known resistance (current measuring
resistor in Fig. 5.3) and dividing the voltage by the resistor value (I = V/R). The voltages were acquired
using Tektronix TDS-2024B oscilloscope with 2 Giga-samples/s acquisition rate.
The voltage and current characteristics of the single-discharge circuit shown in Fig. 5.3 during open gap
and a working discharge gap (100 V open gap voltage and 5 µs pulse-duration) are shown in Fig. 5.4. It can
be seen from Fig. 5.4a, that the voltage pulse exhibits about 20% overshoot at the beginning of the pulse
and has a significant decay (> 3 µs) at the end of the pulse. When the voltage pulse is sent over a working
electrode gap, a significant ringing effect due to stray inductance of the circuit can be observed when the
open gap voltage drops (at t ≈ 1 µs). The decay at the end of the voltage pulse, however, vanishes when a
working electrode gap is used. The noise level in the voltage/current signal is seen to be within 10 V and
can be reduced further by employing a moving-average filter.
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Figure 5.4: Voltage and current characteristics of single-discharge micro-EDM circuit
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5.2.4 Actuation and Control
The micro-EDM testbed was actuated and controlled by fully programmable open architecture Delta Tau
UMAC CNC controller [142]. The controller has a servo cycle update ferquency of 5000 Hz. This controller
can be configured to control various machine axes, and provide a number of digital and analog I/O chan-
nels. A PID control was implemented to actuate the X, Y, Z machine axes of the 3-axis mMT. Further, a PI
control was used to actuate the piezoelectric-actuated flexure stage with feedback from Keyence LK-G10 ccd
displacement sensor with 10 nm resolution. Voltage across points P6 and P7 in the gap detection circuit
(refer to Fig. 5.3) was read using a 16-bit analog to digital converter channel in order to monitor the gap
condition during gap setting. Various trigger voltages to the DPDT relay and HP-214B pulse generator were
provided using digital to analog converter output channels.
The process of conducting multiple single discharge trials was automated by running a customized user-
program by the controller. Figure 5.5 shows the flowchart of the program steps implemented to automate
the process. As shown in the figure, initially, the electrodes are set a distance apart from each other and
the circuit was set in the ’gap-detection’ mode. As the electrodes are not in contact with each other, the gap
detection circuit reads a non-zero voltage between the electrodes (≈ 3 V ). Using the Z-motion platform
of the 3-axis mMT, the tool electrode then is brought closer to the workpiece using a coarse step size till
the voltage across the electrodes measured by the gap detection circuit becomes zero. This is when a
touch-off between the tool and workpiece is registered. After this step, the Z-motion platform carrying the
tool is retracted using a smaller step size than earlier till there is a few micron distance between the tool
and workpiece and the gap voltage goes back to a non-zero (≈ 3 V ) value. Next, the piezo-actuated tool
electrode stage is used to move the tool closer to the workpiece in sub-micron step sizes. The condition of
touch-off between the tool and the workpiece is detected again using the gap detection circuit when the
inter-electrode voltage drops to zero. This steps ensures accurate location of the workpiece surface with
respect to the tool tip and considered as the zero-reference for gap setting. The piezo-actuated stage is then
retracted with a required inter-electrode gap distance using a PI control loop. With the feedback from the
laser displacement sensor, the testbed is able to set gap between the tool electrode and workpiece with an
accuracy of 50 nm. One the required gap is set, the circuit switches from the ’gap-detection’ mode to the
’discharge’ mode by switching the DPDT (see Fig. 5.3). A 20 V voltage pulse of required pulse-width is then
sent to the gate of the N-channel MOSFET, thus, connecting the drain and source terminals of the MOSFET
(Switching MOSFET ’ON’). The MOSFET remains ’ON’ only for the duration of the gate signal during which
the capacitor is discharged through the inter-electrode gap and generating a micro-EDM spark. After the
spark, the tool is retracted and moved to the next discharge location and the process is repeated.
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Figure 5.5: Flowchart for generating single micro-EDM discharges
5.3 MICRO-EDM PLASMA MODEL VALIDATION
To validate the enhanced micro-EDM plasma model described in Chapter 3.7, single-discharge experiments
were carried out on a customized micro-EDM setup described in Section 5.2. A tungsten rod with 500 µm
diameter was used as tool electrode (cathode), titanium grade-5 alloy was used as the workpiece (anode)
and deionized (DI) water was used as the dielectric medium. The values of different process parameters
such as open gap voltage, inter-electrode gap, initial DI water conductivity and pulse-on time were chosen
from a range of values typically used in micro-EDM [45,143] and were kept same for experiments and model
evaluation, i.e., V0 = 100 V , L = 1 µm, σdc,0 = 10 µS/cm and td = 5 µs. Voltage and current waveforms for
the discharge were collected during each experimental trial using a 2 GigaSamples/s Tektronix TDS2024B
oscilloscope.
Schematic of the circuit used to create a single micro-EDM discharge is shown again in Fig. 5.6 for
convenience. To measure the discharge voltage, voltage across points P3 and P4 shown in Fig. 5.6a was
collected and to measure the current, voltage drop across points P2 and P3 was collected. Points P3 and
P4 are points in the circuit that are directly connected to the electrodes by means of a long electrical wires.
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Note that the voltage measured across points P3 and P4 is not the actual discharge voltage due to stray
impedances (R3,L2) corresponding to the wiring between these points (refer to Fig. 5.6b) and the actual
plasma. By measuring the stray impedances between the measurement points, voltage drop across P3 and
P4, i.e, V3,4, was simulated using the model and then compared with the experimental value. Similarly,
model prediction of plasma current was compared with the experimental measurement of current obtained
by dividing voltage drop across P2 and P3 by R2. The comparison plots of model-prediction and experimental
data with mean ± standard deviation from fifteen trials are shown in Fig. 5.7. It can be seen from Fig. 5.7a
and 5.7b that the model predictions of V3,4 and plasma current match reasonable well with the experimental
measurement.
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Figure 5.6: Schematic of the electrical circuit used for single-discharge micro-EDM trials (Fig. 3.15 shown
again for convenience)
As the resistance of the plasma during the discharge is very small, it is difficult to obtain a direct mea-
surement of the exact voltage drop across the tips of the electrode. Therefore, to obtain actual plasma
voltage during a discharge, separate experimental trials were conducted by sending 100 V voltage pulse
with pulse-on-time of 5 µs through the circuit in short-circuit condition, i.e., with EDM electrodes in contact
with each other. Measurements of the voltage across points P3 and P4 (V3,4,short) and the circuit current
(Ishort) during these trials were then used along with the corresponding voltage and current measurements
(V3,4, Iplasma,exp) from micro-EDM trials with open gap voltage of 100 V, inter-electrode gap of 1 µm and
pulse-on-time of 5 µs to estimate experimental value of plasma resistance (Rplasma,exp) and plasma voltage
(Vplasma,exp) as,
Rplasma,exp =
V3,4
Iplasma,exp
− V3,4,short
Ishort
, (5.1)
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Figure 5.7: Comaprison of model prediction of voltage, current and plasma resistance waveforms with
experimental measurements
Vplasma,exp = Rplasma,exp × Iplasma,exp. (5.2)
Figures 5.7c and 5.7d compare the model predictions of the plasma voltage and resistance with the
corresponding experimental measurements. It can be seen from Fig. 5.7c and 5.7d that the model predictions
of plasma voltage and resistance lie within the limits of experimental error and capture the trends reasonably
well. The mean values of the experimental plasma voltage and resistance are seen to be slightly higher
than the model predictions, which can be attributed to the assumption of a spatially-uniform plasma in the
model. Note that the actual electrical discharge in water is spatially non-uniform with the plasma channel
concentrated at the center of a larger water vapor bubble surrounding the plasma [2, 72]. This may give
rise to a higher plasma resistance than estimated from the model prediction. Figures 5.7c and 5.7d also
show large errors (±std. deviation) about the mean values of experimental plasma voltage and plasma
resistance, which can be attributed to limitation on the signal-to-noise ratio of the oscilloscope used for the
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measurements.
5.4 VALIDATION OF MICRO-EDM MELT-POOL AND MATERIAL
REMOVAL MODEL
5.4.1 Single-discharge Micro-EDM Experiments
The approach used to validate the micro-EDM melt-pool model described in Chapter 4 is shown in Fig. 5.9.
Firstly, single discharge micro-EDM experiments were carried out by varying the process conditions, namely,
open gap voltage (V0) and inter-electrode gap distance (L). Three levels of voltage and two levels of gap as
shown in Table 5.2 were used to make a full-factorial experimental design. For each combination of voltage
and gap, five repetitions were carried out.A 100 µm diameter tungsten rod was used as Tool electrode with
negative polarity (cathode), while grade-5 titanium alloy (90Ti-6Al-4V) was used as the workpiece (anode).
De-ionized water was used as dielectric liquid.
Table 5.2: Levels of Voltage (V0) and Gap (L) used for the experiments
Process parameter Unit Levels
Open Gap Voltage (V0) V 200, 250, 300
Gap distance (L) µm 1, 2
Voltage and current data for the discharge were collected during each trial using a 2 GigaSamples/s
Tektronix TDS2024B oscilloscope. A typical voltage and current waveform of micro-EDM discharge is shown
in Fig. 5.8. The voltage across the electrode gap is at open gap voltage at the beginning of the discharge
and the current is zero due to the dielectric present in the gap that acts as an insulator. But as the electric
field intensity reaches the dielectric strength of the dielectric material, dielectric breaks down and discharge
plasma is formed in the gap allowing a current to flow from the anode to the cathode. The voltage measured
across the electrodes drops as the current flows in the gap as seen in Fig. 5.8. Instantaneous power (P0(t))
was obtained by taking product of instantaneous voltage (V (t)) and current(I(t)) to be used as an input for
the micro-EDM plasma model.
Once the experimental trials were completed, the plasma voltage and current waveforms measured dur-
ing each trial were supplied to the micro-EDM plasma model to obtain temporal description of plasma
characteristics such as heat flux to the workpiece (Q0(t)), plasma pressure (P0) and plasma bubble radius
(R(t)). Time-averaged values of the results obtained from the plasma model are listed in Table 5.3. Using
121
Figure 5.8: Typical micro-EDM discharge waveform (V0 = 200 V, L = 2 µm
these outputs of the plasma model and the melt-pool model described in Chapter 4, melt-flow in a single
discharge micro-EDM process was simulated.
Figure 5.9: Approach for melt-pool model validation
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Table 5.3: Micro-EDM plasma model results showing time-averaged values of heat flux and pressure, and
maximum radius
Voltage [V0] Gap [µm] Heat flux [W/m2] Pressure [atm] Radius [µm]
200 1 2.33× 1010 328 325
200 2 2.31× 1010 196 255
250 1 2.95× 1010 290 299
250 2 2.27× 1010 227 269
300 1 1.10× 1010 307 303
300 2 2.98× 1010 230 269
5.4.2 Comparison of Crater Shapes
To find the shapes of the experimental craters, 3D imaging of each discharge crater was conducted by laser
scanning. The Z-axis of a 3 axis micro-scale machine tool (mMT) was fitted with a Keyence LT-9010M surface
scanning confocal laser with 0.01 µm distance resolution, while the workpiece was affixed to the XY-axes of
the mMT to enable raster-scanning of the surface. The laser scans over the surface collecting discrete height
measurements moving in steps of 1 µm. The surface topology was digitally recreated from the data gathered
by the laser, by plotting the height data for every point in a matrix with 1 µm spacing between the points,
as shown in Fig. 5.10a.
(a) Digitizing crater surface with laser scanning
(b) Crater surface showing positive and negative vol-
umes
Figure 5.10: 3D imaging of crater surface with laser scanning [2]
To estimate the final crater shape from the model, it was assumed that 100% of the molten material is
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removed from the discharge site due to the collapse of the plasma at the end of the discharge (t = 2 µs).
Cross-sectional profiles, averaged in two mutually perpendicular directions (X, Y), of typical experimen-
tal craters at different machining conditions are compared with the corresponding crater shapes generated
by the melt-pool simulation as shown in Fig. 5.11-5.16. It can be seen from the figures, that the model-
predictions of crater cross-sections match better with the experiments at the higher gap value of 2 µm.
Using the surface topology obtained from the laser scanning, diameter of the circle encompassing the ex-
perimental crater and maximum depth of the crater were calculated as shown in Fig. 5.10b and were used
for quantitative comparison with the model-predictions of crater diameter and depth. Figure 5.17 presents
comparison of cross-sectional profiles of experimental and simulated craters for each discharge condition
in terms of crater diameter and crater depth. For all the discharge conditions simulated, the model esti-
mates diameter of the craters in the range 78 − 96 µm and maximum crater depth in the range 8 − 9 µm.
Whereas, the crater diameter measured for across all the combinations of voltage and gap lies in the range
of 60− 81 µm and crater depth in the range of 4− 7 µm. From Fig. 5.17a, it is observed the simulated crater
diameter shows reasonable agreement with the experimental crater diameter for all the trials except for V0 =
200 V, and L = 1 µm. However, Fig. 5.17b shows that the model always predicts greater crater depths when
compared to the experiments. The model presented here assumes 100% removal of the molten material
from the discharge site after the discharge, however, in actual process, the ejection of the molten material
away from the discharge site at the end of the discharge is less effective and a fraction of the melt-pool
re-solidifies at the discharge site itself, leaving behind shallower craters.
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Figure 5.11: 3D image and cross-sectional profile of a typical discharge crater obtained in experimental trials
and its comparison with simulated crater shape (V0 = 200 V, L = 1 µm)
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Figure 5.12: 3D image and cross-sectional profile of a typical discharge crater obtained in experimental trials
and its comparison with simulated crater shape (V0 = 200 V, L = 2 µm)
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Figure 5.13: 3D image and cross-sectional profile of a typical discharge crater obtained in experimental trials
and its comparison with simulated crater shape (V0 = 250 V, L = 1 µm)
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Figure 5.14: 3D image and cross-sectional profile of a typical discharge crater obtained in experimental trials
and its comparison with simulated crater shape (V0 = 250 V, L = 2 µm)
125
(a) 3D image of experimental crater
r (µm)
z 
(µm
)
 
 
−60 −40 −20 0 20 40 60
−20
−10
0
X−section Y−section
(b) Comparison of predicted crater profile with experimental mea-
surement
Figure 5.15: 3D image and cross-sectional profile of a typical discharge crater obtained in experimental trials
and its comparison with simulated crater shape (V0 = 300 V, L = 1 µm)
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Figure 5.16: 3D image and cross-sectional profile of a typical discharge crater obtained in experimental trials
and its comparison with simulated crater shape (V0 = 300 V, L = 2 µm)
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Figure 5.17: Comparison of crater profiles between model and the experiments (filled: model prediction,
unfilled: experimental mean with errorbars at ± standard deviation)
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5.5 SUMMARY
Experimental validation of micro-EDM plasma model and micro-EDM material removal model is explained
in this chapter. A micro-EDM experimental testbed was designed and built first. The testbed contained three
mutually-perpendicular motion stages (X, Y, Z) to maneuver the tool electrode with respect to the workpiece
electrode. An additional piezo-actuated stage was integrated with the Z-motion stage carrying the tool
electrode in order to set the inter-electrode gaps with < 50 nm accuracy. The testbed included a custom-
designed single-discharge micro-EDM circuit capable of producing voltage pulses with open gap voltage of
0 − 300 V and pulse-durations of 0.5 − 10 µs. In order to generate multiple single-discharges, the process
of inter-electrode gap setting and making a micro-EDM spark was automated. Furthermore, the testbed
consisted of an oscilloscope with 2 GHz sampling rate to acquire the voltage/current waveforms during the
experiments and a spectroscope to capture optical emissions from the plasma for plasma characterization.
The micro-EDM plasma model was validated by comparing the time-transient electrical characteristics
of the micro-EDM plasma, i.e., plasma resistance, discharge voltage and plasma current, measured from
the experiments to the corresponding model-predictions. It was seen that the model-predictions matched
reasonably well with the experimental measurements.
The micro-EDM melt-pool and material model was validated by comparing the experimental crater ge-
ometries with the model-predicted crater geometries across different machining conditions of open gap
voltage and inter-electrode gap distance. Qualitative comparison of the crater cross-sections from model
and experiments revealed that the crater shapes predicted by the model were shallower then the experimen-
tal craters. It was seen that the model matched better with the experiments at higher inter-electrode gap
distance. Quantitative comparison of the crater diameters between the experiments and model-predictions
shows that the model matched reasonable well with the experiments. However, the crater depths predicted
by the model were lower than the experiments. It is believed that, the actual amount of molten material
displaced from the melt-pool at the end of the discharge is less in experiments than assumed in the model.
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Chapter 6
Role of Dielectric Conductivity on Micro-EDM
Machining Characteristics
6.1 INTRODUCTION
Due to micron-level gaps, accumulation of debris in the gap is often a major problem in micro-EDM process.
Presence of debris particles in the gaps is known to cause abnormal discharges leading to lower MRR,
reduced machining accuracy and poor surface finish [3–5]. Therefore, most of the research to improve
the micro-EDM productivity has been aimed at improving the debris removal from the gap. Alternatively,
selection and modification of dielectric fluid itself has been investigated by many and shown to affect the
machining characteristics such as MRR, tool wear and surface finish in micro-EDM [8–10,12].
Experimental studies have shown that having additives in the form of powder or fibers suspended in
dielectric media can be used to influence the machining characteristics of EDM process [3, 8–12]. In gen-
eral, addition of suspensions in dielectric has been shown to improve MRR of the process, reason for which
has been attributed to increased electrical conductivity of the dielectric causing enlarged gap for effective
debris flushing [8] and dispersion of discharge energy [3, 8, 11]. Electrical conductivity plays a main role
in discharge initiation and electrical breakdown of the dielectric as revealed by several modeling and exper-
imental studies on the properties of electrical discharges in liquids, in general [144–148]. However, there
has been lack of systematic efforts to evaluate the influence of dielectric electrical conductivity alone on the
breakdown and machining characteristics of the micro-EDM process.
This chapter investigates the effect of dielectric conductivity on micro-EDM process via modeling and
experimentation, specifically, on breakdown strength, discharge energy, plasma characteristics and material
removal. Experiments have been carried out first to obtain evidence of effect of dielectric conductivity
on micro-EDM plasma and material removal. Then a micro-EDM plasma model in saline water has been
developed to understand the role of dielectric conductivity on the dielectric breakdown and characteristics of
the plasma such as plasma radius, pressure and heat flux to the workpiece. The plots of minimum breakdown
potential vs. inter-electrode gap distance at different conductivity values obtained experimentally have been
compared with model-based predictions.
The chapter begins with the description of experimental methodology followed by the experimental re-
sults of dielectric breakdown, plasma characterization and material removal at different dielectric conductiv-
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ities. Development of plasma model in saline water similar to the model described in Chapter 4 is described
next. In the following section, results of the effect of dielectric conductivity on breakdown and plasma
characteristics in micro-EDM obtained by model-based predictions are compared with the experiments and
discussed.
6.2 EXPERIMENTAL METHODOLOGY
To investigate the effect of the electrical conductivity of the dielectric on micro-EDM, single discharge micro-
EDM experiments were carried out at three different levels of electrical conductivity of water as the dielectric.
De-ionized water is one of the most commonly used dielectric for micro-EDM and has shown to result in
higher MRR, low electrode wear and improved surface finish when compared to other dielectrics such as
kerosene or EDM oil [64,94,149,150]. Different levels of electrical conductivities were achieved by adding
appropriate amount of salt (NaCl) in DI water. To explore the feasible process conditions in terms of the
voltage and inter-electrode gap at each level of conductivity, different combinations of voltage and gap levels
were used. By tracing the minimum voltage capable of dielectric breakdown at each gap, a Paschen-like curve
can be obtained for de-ionized water. The resulting experimental design used four levels of voltage (V0),
six levels of inter-electrode gap (L) and three levels of dielectric conductivity (σ) as shown in Table 6.1.
Single discharges with pulse-on time of ≈ 5 µs were carried out at each process condition on a Titanium
alloy (6Ti-4Al-90V) workpiece (anode) using a Tungsten tool electrode (cathode) with 100 µm diameter.
Each trial was repeated at least twelve times to obtain mean and standard deviation of measured response
parameters.
Table 6.1: Levels of Open Gap Voltage (V0), Inter-electrode Gap Distance (L) and Water Conductivity (σ0)
For Experiments
Parameter Unit Levels
Open Gap Voltage (V0) V 50, 75, 100, 150, 200
Gap Distance (L) µm 0.5, 1, 1.5, 2, 3, 4, 6, 8
Conductivity (σ0) µS/cm 4, 362, 1106, 4116
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6.2.1 Measurement of Discharge Voltage and Current Waveforms to Determine
Successful Breakdown
During each trial, the discharge voltage (V) and discharge current (I) were measured using Tektronix TDS-
2024B oscilloscope. Whether or not the discharge was successful at a given combination of process param-
eters was determined based on the current waveform. A positive value of the current during the discharge
period indicates establishment of plasma channel in the inter-electrode gap, and therefore, was identified as
a ’successful’ discharge. Typical discharge waveforms of a ’successful’ discharge and a ’failed’ discharge are
shown in Fig. 6.1.
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Figure 6.1: Typical voltage and current waveforms of a ’successful’ micro-EDM discharge and a ’failed’ micro-
EDM discharge (No discharge)
6.2.2 Measurement of Material Removal
To study the material removal, the volumes of a few selected craters were also collected as response param-
eters by 3D imaging of the crater. From 3D topography of a crater, two unique volumes were identified as
shown in Fig. 6.2, viz., the positive volume comprising of the volume of material above the initial workpiece
surface and the negative volume comprising of the void volume below the initial surface level. Subtracting
the positive volume from the negative volume gives the erosion volume, i.e., the actual amount of material
removed from the discharge site.
6.2.3 Optical Spectroscopy for Plasma Characterization
In order to experimentally study the effect dielectric conductivity on micro-plasma characteristics, separate
experimental trials of single discharge micro-EDM process were carried out. Figure 6.3 shows the experimen-
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Figure 6.2: 3D image of a typical micro-EDM crater showing positive and negative volumes
tal testbed used, which consists of a hybrid RC-transistor type EDM circuit integrated with a CNC-controlled
micro-machining tool (mMT) capable of carrying out single discharge micro-EDM trials. The testbed also in-
cludes a special optical setup including an optical fiber, a focusing lens and a spectroscope (Starlight Xpress
Mx-716) to capture the emission spectrum from the micro-EDM plasma during a discharge. As shown in
Fig.6.3b, the light emitted by the micro-EDM plasma is focused onto a 0.25 mm x 5 mm spectroscope slit.
Figure 6.3: (a) Micro-EDM experimental test-bed and (b) optical setup
Single discharge trials were carried out at five levels of dielectric conductivities, i.e., 2 µS/cm, 362 µS/cm,
1106 µS/cm, 2560 µS/cm, 4120 µS/cm; while keeping the open gap voltage and inter-electrode gap dis-
tance constant at 200 V and 1 µm, respectively. At each level of dielectric conductivity, five trials were carried
out to obtain mean and standard deviation of the resulting plasma characteristics.
Measurement of Plasma Characteristics
In micro-EDM, the application of voltage pulse to the workpiece and tool electrodes causes electrical break-
down of the liquid dielectric in the inter-electrode gap. The dielectric breakdown is followed by formation
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of plasma discharge, which consists of high-energy ions and electrons. The thermal kinetic energy of the
electrons bombarding on the anode (workpiece) causes the material erosion via melting and evaporation
and can be estimated by electron temperature. Therefore, electron density and electron temperature (i.e.
plasma temperature) are key plasma characteristics for estimation of material removal in micro-EDM.
In this experimental study, the optical emission spectroscopy (OES) technique was used to obtain mea-
surements of plasma temperature and electron density with varying dielectric conductivity. A typical raw im-
age of the spectrum captured by the spectroscope during a single micro-EDM discharge is shown in Fig. 6.4a.
By subtracting a dark image (no discharge) from the raw image and using a calibration image of mercury
spectrum, intensities of different wavelengths in the spectrum can be computed. Figure 6.4b presents inten-
sity vs. wavelength plot for a typical micro-EDM plasma discharge.
(a) (b)
Figure 6.4: (a) Raw image of a discharge spectrum obtained by the spectroscope and (b) plot of intensity
vs. wavelength for a typical micro-EDM discharge
As titanium and tungsten have been used as workpiece and tool electrodes, respectively, emission lines
of Ti and W are expected in the spectrum. It can be seen from Fig. 6.4b that most of the prominent peaks
observed between wavelengths 380 nm and 550 nm correspond to Titanium. Specific peaks of Ti at wave-
lengths 430.59 nm, 453. 32 nm, 498.17 nm and 521.04 nm are marked in Fig. 6.4b along with W peaks at
422.2 nm and 646 nm and a hydrogen peak in the Balmer series at 656.28 nm (HÎ´s). The hydrogen peak
appears due to dissociation of dielectric water during plasma formation. A strong underlying continuum can
also be observed at specific wavelengths of the spectrum. The emission spectra were further processed to
remove the intensity values corresponding to the continuum radiation [29].
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Table 6.2: Parameters used in Eqn. 6.1
Parameter Line 1 Line 2
λn [nm] 453.47 521.04
En [cm
−1] 28788.38 19573.97
gn 11 9
An [10
7s−1] 6.87 0.389
Plasma Temperature
The temperature of the micro-EDM plasma was determined from an emission spectrum using two separate
methods. First method uses a simple program described in Ref. [151] to simulate atomic emission spectra
of Ti and W from their properties. The program uses inputs of excitation energy (En), the statistical weight
(gn), the transitional probability (An) and the peak center wavelength (λn) for each emission line of a given
species to calculate the partition function (Q(T )) for a given temperature (T ). For all the emission lines in
the range of interest, the program then calculates temperature-dependent peak amplitude for each line and
estimates intensity vs wavelength profile. Detailed mathematical description of the procedure can be found
in Ref. [151]. The combined spectrum of Ti, W and H was simulated in the range of 380 nm-700 nm for
temperatures in the range of 6000 K and 15000 K and compared with the experimentally obtained emission
spectrum. The temperature at which the simulated spectrum best matches with the experimental spectrum
was determined to be the plasma temperature. A 2-D correlation function in MATLAB [152] was used to
quantify the match between simulation and experimental data.
Alternatively, a line-pair technique [1, 9] can also be used, which compares the relative intensities of two
spectral peaks of the same species to estimate the plasma temperature,
T =
E2 − E1
ln
(
I1λ1g2A2
I2λ2g1A1
kb
) , (6.1)
where, En [cm( − 1)] is the excitation energy of spectral line n, kb [cm( − 1)K( − 1)] is the Boltzman
constant, In is the intensity of the spectral line n from emission spectrum, λn [nm] is the wavelength of
line n, gn is the statistical weight of spectral line n, and An [s( − 1)] is the transitional probability of line n.
The values of all the parameters in Eqn. 6.1 except intensities In were obtained from NIST Atomic Spectra
Database [69] for Titanium spectral lines 453.47 nm and 521. 04 nm and are given in Table 6.2.
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Figure 6.5: Full-width half-maximum of Hα peak
Electron Density
In a non-ideal, dense plasma like micro-EDM plasma, a strong Stark broadening and shift of spectral lines is
typically observed, especially on Hα line [29]. Electron density of the plasma can be correlated directly to
full-width half-maximum (FWHM) of the Hα line (656.28 nm) due to broadening [29],
Ne = 8.8308× 1022(∆λw)1.6005, (6.2)
where, Ne [m( − 3)] is the electron density and ∆λw [nm] is the FWHM of the Hα line. To obtain FWHM
of the Hα line, a Gaussian curve was fitted around the peak observed in the experimental data as shown in
Fig. 6.5.
6.3 EXPERIMENTAL RESULTS
The experimental results of the effect of dielectric conductivity on the characteristics of the micro-EDM
process, viz. dielectric breakdown, electron density and plasma temperature, and material removal have
been reported and discussed in this section.
6.3.1 Effect of Dielectric Conductivity on Dielectric Breakdown
Due to limitations on the discharge energies, a smaller domain of voltage and gap conditions is available
in micro-EDM that will lead to a successful discharge. In a typical commercial micro-EDM setup, the gap
conditions are often monitored via discharge waveforms and each open discharge causing no material re-
moval results in process inefficiency by increasing the total machining time. Therefore, it is desirable to
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have flexibility in voltage-gap conditions that can result in a successful breakdown. To determine the effect
of dielectric conductivity on the discharge initiation and ease of dielectric breakdown, ’discharge probability’
was defined by taking ratio of the number of ’successful’ discharges to the total number of trials at each
combination of open gap voltage (V0) and gap distance (L) listed in Table 6.1 for a given dielectric conduc-
tivity. Figure 6.6 shows the discharge probability plotted for all the voltage-gap combinations at each level of
dielectric conductivity. Probability of 0.5 or more is assumed to indicate surety of dielectric breakdown for
given voltage and gap. Using Fig. 6.6, Paschen-curve for the water can be determined for a given electrical
conductivity by tracing the minimum breakdown voltage at each gap value (pressure is assumed constant
at ≈ 1 atm) for which the probability is greater than or equal to 0.5. From Fig. 6.6, it can be seen that the
minimum breakdown voltage for a successful discharge increases, in general, as the gap is increased for a
given dielectric conductivity. This is expected since at a higher gap, it takes higher voltage to generate the
threshold electric field concentration necessary to cause the dielectric breakdown. However, increase in the
dielectric conductivity causes the minimum breakdown potential to decrease at a given gap. At higher elec-
trical conductivity, the number density of ions in the dielectric is greater, possibly facilitating the initiation
of the discharge. Therefore, for a given gap value, a successful discharge can be obtained by applying a
lower potential. Alternatively, for a given voltage, a successful discharge can be obtained at a higher gap
value. In micro-EDM process, where clogging of debris particle is a problem due to small gaps, it could be
beneficial to be able to use higher gaps for a given voltage. Also, as can be seen from Fig. 6.6, more and
more combinations of voltage and gap are available for a successful discharge at higher conductivity values
than at lower conductivity.
6.3.2 Effect of Dielectric Conductivity on Plasma Electron Density and Plasma
Temperature
To investigate the effect of dielectric conductivity on the micro-EDM plasma, temperature of the plasma was
estimated at each level of conductivity using two methods described in Sec. 6.2.3. Figure 6.7 presents the
plot of plasma temperature vs. dielectric conductivity using both comparison to spectral simulations (method
I) and line-pair method (method II). A significant difference in the values of temperature can be seen be-
tween the two methods. For the dielectric conductivities in the range of 2 µS/cm - 4120 µS/cm, method I
estimates the average plasma temperature in the range of 10420 K - 12033 K, while method II estimates the
average plasma temperature in the range of 5602 K - 6566 K. However, from either estimation methods, no
clear trend can be observed in plasma temperature across the dielectric conductivities. Therefore, it can be
concluded that the average plasma temperature remains more or less constant with increasing conductivity
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(b) σ0 = 362 uS/cm
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(c) σ0 = 1106 uS/cm
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(d) σ0 = 4116 uS/cm
Figure 6.6: Experimentally obtained voltage-gap domain at different electrical conductivities of water (σ0)
showing discharge probability at each voltage-gap combination. White square represents probability ≥ 0.5,
and grey represents probability < 0.5.
except at 1106 µS/cm. At conductivity of 1106 µS/cm, the experimental spectral data did not match very
well with the simulated spectra (correlation coeff. < 0.80) for some of the trials, thereby, resulting in a
discrepancy in method I.
Figure 5 shows the electron density of micro-EDM plasma at different dielectric conductivities. The
electron density lies in the range of 1.05 × 1024m−3- 1.41 × 1024m−3 for the range of conductivity values
used in this research. Unlike plasma temperature, the electron density shows a clear trend with dielectric
conductivity. It can be seen from Fig. 6.8 that the average electron density shows a 26% increase when
dielectric conductivity is increased from 362 µS/cm to 4120 µS/cm.
6.3.3 Effect of Dielectric Conductivity on Material Removal
To investigate the effect of dielectric conductivity on the material removal, the erosion volumes of the craters
created at voltage level of 200 V were measured for the gaps that resulted in discharge probability of 0.5
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Figure 6.7: Plasma temperature vs. dielectric conductivity with errorbars at ± std. deviation
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Figure 6.8: Electron density vs. dielectric conductivity with errorbars at ± std. deviation
or higher. Figure 6.9 shows the mean erosion volume with errorbars at ± standard deviation for each
conductivity level across all the gap levels. A pooled-variance is used to calculate a single standard deviation
value for the process for the sets of trials at different gap distance and conductivity combinations. It can be
seen from the Fig. 6.9 that the mean erosion volume increases, in general, as the conductivity is increased
from 4 µS/cm to 4116 µS/cm for all the gap levels, except at L = 3 and L = 4. This indicates that a higher
material removal can be obtained by increasing the conductivity of water as the dielectric. The discrepancy
at gaps L = 3 and L = 4 could be explained from the fact that there were less number of successful trials
available for crater volume measurements when compared to number of successful trials at lower gap values
(refer to Fig. 6.6).
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6.4 MODELING THE ROLE OF DIELECTRIC CONDUCTIVITY IN
MICRO-EDM PLASMA
The thermal energy causing material removal in the EDM process is supplied by the plasma formed in
the electrode gap during an EDM discharge. Therefore, study of the plasma characteristics can lead to
understanding of the effect of dielectric conductivity on material removal in micro-EDM. To model the
plasma formation and evolution at different initial electrical conductivities of water, the micro-EDM plasma
model developed previously in chapter 4 is used. Figure 6.10 presents schematic of the 0D micro-EDM
plasma model [153]. As shown in the figure, the model consists of four modules, namely, plasma chemistry,
power balance, plasma bubble dynamics and the electrical circuit solver module. To account for the effect of
electrical conductivity of the water via addition of NaCl, the model is further enhanced to include additional
species and chemical reactions resulting from interaction of NaCl and water molecule in the plasma phase.
The list of all the species used in this model is given in Table. 6.3, while the list of chemical reactions in
addition to the reactions included in the previous model [131] are shown in Table 6.5 in the appendix. More
details of the mathematical formulation of each of the modules can be found in Chapter 4.
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Figure 6.9: Effect of water conductivity (σ0) on crater erosion volume at different gap distances and open
gap voltage of 200 V
During the micro-EDM discharge, the micro-EDM plasma model uses a cold-plasma approximation [27]
to calculate the dc conductivity of the plasma as,
σdc =
e2ne
meνm,e
, (6.3)
where, e [C] is the electronic charge, ne [m−3] is the number density of electrons, me [kg] is the electronic
mass and νm,e [s−1] is the collision frequency of the electrons with neutrals. Equation 6.3 can also be used
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Figure 6.10: Schematic of the micro-EDM plasma model formulation [153]
to obtain initial number density of electrons in the water at a given conductivity level and predicts initial
electron density to be 0.015% of the initial density of water molecules at conductivity of 1 µS/cm [131]. To
maintain quasi-neutrality, initial population of H2O+ ions is set equal to the initial population of electrons.
The initial electrical conductivity of liquid water is also a result of presence of Na+(aq) and Cl−(aq) ions
present in the water. The initial number densities of these ions can be found from the plot of weight % of
NaCl vs electrical conductivity of the saline solution shown in Fig. 6.11 based on the data from Ref. [154].
6.5 MODEL-BASED PREDICTION OF EFFECT OF DIELECTRIC
CONDUCTIVITY ON MICRO-EDM PLASMA CHARACTERISTICS
To study the effect of electrical conductivity on the breakdown characteristics of water and transient char-
acteristics of the micro-plasma, simulation experiments were conducted using the 0D micro-EDM plasma
model for saline water with eight levels of conductivity values. The levels of the conductivity chosen for the
simulations include the values used in the experimental study described in Sec. 6.2. At each conductivity, a
combination of different open gap voltages and gap distances were used to obtain the minimum breakdown
voltage vs gap distance relationship. The levels of open gap voltage, gap distance and water conductivity
are given in Table 6.4.
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Table 6.3: Species included in the saline water plasma model
Neutrals H, O, H2, O2, OH, H2O, Cl, Cl2, HCl, HOCl, Na,
NaCl, NaOH
Positive Ions H+, O+, O++, O+++, H+2 , O
+
2 , OH
+, H2O+, H3O+,
Cl+, Cl+2 , HCl
+, Na+
Negative Ions e−, H−, O−, OH−, Cl−, Cl−2 , ClO
−, HOCl−
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Figure 6.11: Plot of weight % of NaCl vs. the electrical conductivity of the solution [154]
Table 6.4: Levels of open gap voltage, inter-electrode gap distance and water conductivity used for simula-
tion experiments
Process Parameter Levels
Open Gap Voltage [V] 50, 75, 100, 150, 200
Gap Distance [µm] 0.5, 1, 1.5, 2, 3, 4, 6, 8
Water Conductivity
[µS/cm)
4, 10, 50, 200, 362, 1106, 2500,
4116
6.5.1 Effect of Dielectric Conductivity on Dielectric Breakdown
The micro-EDM plasma model assumes presence of a small bubble occupying the electrode gap at the be-
ginning of the discharge. The model then solves for the plasma chemistry, power balance and the growth
of the bubble. Specifically, the plasma chemistry module solves for density of electrons and other chemi-
cal species based on the generation/loss of species due to volumetric chemical reactions and outward flux
through the plasma walls. Based on the initial number of electrons and Na+/Cl- ions in the water (depends
on the conductivity), electrode gap and initial applied voltage (i.e., open gap voltage); various reactions
(reactions R1-R5 in Table 6.5) are triggered generating more electrons and ions in the bubble creating a
plasma. It is seen that for some of the conductivity, initial voltage and electrode gap combinations, the num-
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ber of electrons triggered in the beginning of the discharge through various chemical reaction mechanisms
is not adequate to sustain the plasma. These are the combinations at which the model predicts failure of
dielectric breakdown. For each of the conductivity values of σ0 = 4, 362, 1106, 4116 µS/cm, model-predicted
combinations of voltage and gap resulting in either ’successful’ or ’failure’ of a plasma discharge are plotted
in Fig. 6.12. The figure reveals the breakdown characteristics of water as the conductivity increases and
can be directly compared with the corresponding voltage-gap domains obtained experimentally as shown in
Fig. 6.6. It can be seen that the model captures the experimental trend of minimum breakdown voltage vs
gap distance and electric conductivity reasonably well. Quantitatively, however, the model predicts a slightly
higher value of minimum breakdown voltage at lower range of gap values across all the conductivities when
compared to experiments, in general. This may be due to assumption of a uniform value of electric field in
the inter-electrode gap in the model. In reality, however, the electric field in the gap between a cylindrical
tool electrode and a flat workpiece is spatially non-uniform with maximum value much higher than the uni-
form value of electric field used in the model. As a result, dielectric breakdown occurs at a lower voltage in
experiments as compared to the model.
For a given conductivity, the voltage-gap domain plot predicts the possibility of a successful micro-EDM
discharge at different combinations of open gap voltage and gap distance values. Using these plots, a mini-
mum breakdown voltage can be predicted for a given gap and dielectric conductivity as shown in Fig. 6.13. It
can be seen from Fig. 6.13 that the minimum breakdown voltage increases with increase in the gap distance
for a given dielectric conductivity. This is expected since at higher gap, it takes higher voltage to generate
the same minimum threshold electric field concentration necessary to cause dielectric breakdown. However,
the minimum breakdown voltage decreases with an increase in the dielectric conductivity if the gap distance
is held constant. At higher electrical conductivity, the initial number density of ions (e−, Na+, Cl−) is higher
(refer to Eq. 6.3), which facilitates the initiation of the discharge and formation of plasma. Knowledge
of how conductivity affects the minimum breakdown potential at a given gap could be useful in selecting
micro-EDM process parameters for the machining operation when conductivity of the dielectric changes due
to additives or accumulation of debris in the inter-electrode gap.
6.5.2 Effect of Dielectric Conductivity on Micro-EDM Plasma Characteristics
To understand the effect of dielectric conductivity on the plasma characteristics, time-averaged values of
electron density, time-averaged plasma temperature, time-averaged heat flux at the anode (workpiece),
time-averaged plasma resistance and total discharge energy are plotted for different electrical conductivities
of water as shown in Fig. 6.14. Values of open gap voltage and gap distance are kept constant at V0 = 200 V
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(b) σ0 = 362 uS/cm
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(c) σ0 = 1106 uS/cm
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(d) σ0 = 4116 uS/cm
Figure 6.12: Model-based prediction of voltage-gap domain at different electrical conductivities of water
(σ0) obtained using micro-EDM plasma model. White square represents successful simulation of micro-EDM
discharge at the voltage-gap combination, dark square represents failure of the discharge predicted from the
model.
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Figure 6.13: Model prediction of minimum breakdown potential vs. gap distance for different dielectric
conductivities
and L = 1 µm for these simulations. Figure 6.14a presents the effect of dielectric conductivity on the time-
averaged electron density. As seen from the figure, the electron density increases with an increase in the
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conductivity. In water with a higher conductivity, the concentration of the electrons and ions (e−, Na+, Cl−)
present before the discharge takes place is higher. Presence of higher e−, Na+, Cl− provides additional
mechanisms of electron generation via reactions R1-R5 listed in Table 6.5, thereby, showing an increase in
the time-averaged electron density of the plasma with increase in conductivity as observed experimentally
(refer to Fig. 6.8). During the discharge, the conductivity of the plasma is directly proportional to the
the electron density as given by Eq. 6.3. Therefore, as a direct consequence of the increase in the electron
density in the plasma, the time-averaged resistance of the plasma decreases with increase in the conductivity
as shown in Fig. 6.14d. Due to decrease in the time-averaged plasma resistance, the total value of the
electrical energy going into the discharge decreases under near-constant current conditions of micro-EDM
circuit [153]. Figure 6.14b shows effect of conductivity on the time-averaged electron temperature. As seen
from the figure, the electron temperature decreases with an increase in dielectric conductivity, possibly, due
to increased number of reactions brought about by increase in the NaCl-derived species, which result in
energy losses from the plasma via inelastic collisions. Values close to model-predicted temperatures were
also obtained experimentally using line pair method (method II) as seen from Fig. 6.7. Finally, Fig. 6.14c
presents the effect of dielectric conductivity on the heat flux received by the anode (workpiece). As the heat
flux at anode is caused by the electron flux at the anode, the value of time-averaged heat flux increases with
the conductivity of water as a consequence of increase in the electron density.
Increase in the material removal with increase in the conductivity observed in experiments (as seen
from Fig. 6.9) can be explained by increase in the heat flux value. The reason behind increase in the heat
flux even as the discharge energy decreases may be due to increased efficiency of the discharge at higher
conductivities. As shown in Fig. 6.14f, the model predicts decrease in both pressure and radius of the plasma
as the conductivity increases suggesting reduction in the energy spent by the plasma to perform mechanical
work for plasma expansion. The model also predicts reduction in heat flux at cathode. The extra energy
available from reduction in mechanical work and cathode heat flux causes increase the heat flux at anode.
However, in order to obtain detailed quantitative effect of material removal from the model, the values of
heat flux, plasma pressure and radius obtained from the plasma model need to be coupled with a melt-pool
model such as presented in Chapter 5. The melt-pool model uses the micro-EDM plasma model predictions
to solve heat transfer and fluid flow equations in the domain containing dielectric and workpiece material
and predicts the temperature and flow velocities of molten metal. The size and the shape of the predicted
melt-pool can be used to obtain resulting crater shape and volume of material removed per discharge in
micro-EDM.
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6.6 SUMMARY
This Chapter investigated the effect of dielectric conductivity on the dielectric breakdown, plasma charac-
teristics and material removal in micro-EDM process via a combination of modeling and experimental ap-
proach. Single discharge experiments were carried out using water with different electrical conductivities as
the dielectric medium. Using the discharge voltage and current waveforms captured during each discharge,
breakdown characteristics of water at different electrical conductivities were studied. Also, the resulting
craters were analyzed to study the effect of the conductivity on the material removal in micro-EDM. Optical
emission spectroscopy technique was used to obtain emission spectra of single micro-EDM discharges and
estimate plasma temperature and electron density at different dielectric conductivities. An enhanced micro-
EDM plasma model was developed to predict the effect of dielectric conductivity on micro-EDM plasma by
including the plasma chemistry resulting from the presence of NaCl in water.
Simulation experiments were carried out to obtain model-based predictions of the effect of dielectric
conductivity on dielectric breakdown and micro-EDM plasma characteristics, viz. electron density, tempera-
ture, heat flux, plasma resistance, and discharge energy. The model-based predictions of the breakdown and
plasma characteristics of water at different conductivities were compared with the experimental results.
As seen in both experimentation and modeling, the minimum breakdown voltage at a given gap decreases
with an increase in the conductivity value from 4 µS/cm to 4116 µS/cm. At the highest conductivity value
of 4116 µS/cm, more combinations of voltage and gap distance are available to form a successful discharge
offering more flexibility for micro-EDM operation.
Single discharge micro-EDM experiments carried out at different levels of conductivity values show that
increase in conductivity causes increase in the material removal at anode (workpiece) per discharge across
the gap values of 0.5−6 µm, possibly due to increase in the heat flux from the plasma. The micro-EDM plasma
model for saline water predicts that an increase in dielectric conductivity increases the electron density and
heat flux at the anode from the micro-EDM plasma, whereas, it decreases the electron temperature, plasma
resistance and the total energy of the discharge.
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(c) Time-averaged heat flux at anode
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(d) Time-averaged plasma resistance
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Figure 6.14: Model-based Prediction of the effect of water conductivity (σ0) on the plasma characteristics at
V0 = 200 V and L = 1 µm.
145
Table 6.5: Plasma reactions for NaCl-derived species and corresponding reaction rates in the form a ∗ T b ∗
exp(c ∗ T d)
# Reaction a1 b c d Eth [eV] Reference
R1 e− + Cl −→ e− + e− + Cl+ 3E-14 0.559 -13.21 -1 13 [109]
R2 e− + Cl− −→ e− + e− + Cl 2.63E-14 0 -5.37 -1 3.4 [109]
R3 e− + Cl2 −→ e− + e− + Cl+ + Cl 3.88E-15 0 -15.5 -1 11.49 [109]
R4 e− + Cl− −→ e− + e− + Cl+2 9.21E-14 0 -12.9 -1 11.49 [109]
R5 e− +HCl −→ e− + e− +HCl+ f(Te) 12.74 [155]
R6 e− + ClO− −→ O− + Cl− 1.2E-17 [156]
R7 e− +Na −→ e− +Na+ f(Te) 5.14 [157]
R8 e− +Na+ −→ Na 3.32E-23 [156]
R9 Cl+ Cl −→ Cl2 3.45E-39 0 820.02 -1 [158]
R10 Cl2 −→ Cl+ Cl 3.85E-17 0 -23573.4 -1 [158]
R11 Cl+ Cl− −→ Cl−2 31.41E-17 [159]
R12 Cl+H2 −→ H +HCl 2.41E-17 0 -2200.98 -1 [158]
R13 Cl+H2O −→ OH +HCl 2.79E-17 0 -8671.63 -1 [158]
R14 Cl+HCl −→ Cl2 +H 1.66E-13 0 -23934.2 -1 [158]
R15 Cl+OH −→ O +HCl 9.80E-18 0 -2862.48 -1 [158]
R16 Cl+OH −→ O +HCl 9.80E-18 0 -2862.48 -1 [158]
R17 Cl+HOCl −→ Cl2 +OH 1.02E-23 2.01 192.56 -1 [160]
R18 Cl− + Cl+ −→ Cl+ Cl 5E-14 [109]
R19 Cl− +O3 −→ ClO− +O2 3.32E-30 [159]
R20 Cl+ +H2 −→ H +HCl+ 7.20E-16 [161]
R21 Cl+ +H2O −→ Cl+H2O+ 5.00E-16 [161]
R22 Cl+ +O2 −→ Cl+O+2 4.75E-16 [161]
R23 Cl2 +H −→ Cl+HCl 1.43E-16 0 -590.06 -1 [158]
R24 Cl2 +H2O −→ HOCl + Cl− +H+ 3.65E-26 [159]
R25 Cl2 +Na −→ Cl+NaCl 7.31E-16 [162]
R26 Cl2 +OH −→ Cl+HOCl 2.68E-24 2.1 -576.95 -1 [160]
R27 Cl2 +OH− −→ HOCl + Cl− 1.66E-19 [159]
R28 Cl−2 + Cl
−
2 −→ Cl2 + Cl− + Cl− 2.99E-18 [159]
R29 Cl−2 +O3 −→ ClO− + Cl+O2 1.49E-19 [159]
R30 H +HCl −→ Cl+H2 1.32E-17 0 -1707.87 -1 [158]
R31 H +HOCl −→ HCl+OH 5.27E-21 1.2 -187.26 -1 [160]
R32 HCl −→ H + Cl 7.31E-17 0 -41133.1 -1 [158]
R33 HCl+H+ −→ H +HCl+ 1.30E-15 [161]
R34 HCl+O −→ Cl+OH 1.14E-17 0 -3367.62 -1 [158]
R35 HCl+OH −→ Cl+H2O 3.74E-18 0 -514.04 -1 [158]
R36 HOCl− −→ OH + Cl− 6.10E9 [159]
R37 HOCl− + Cl− −→ OH− + Cl−2 1.66E-23 [159]
R38 Na+H+2 −→ Na+ +H2 1.60E-15 [161]
R39 Na+H2O+ −→ Na+ +H2O 6.20E-15 [161]
R40 Na+O −→ Na+ +O− 3.30E-15 0 -43000 -1 [163]
1 Units are m3molecule−1s−1 for second order reactions and s−1 for first order reactions
Temperature units are eV for reactions involving electron as a reactant
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Table 6.5 continued
# Reaction a1 b c d Eth [eV] Reference
R41 Na+OH −→ Na+ +OH− 3.00E-15 0 -35000 -1 [163]
R42 Na+OH −→ NaOH 1.89E-31 -2.21 -40.89 -1 [164]
R43 Na+ +O− −→ Na+O 2.00E-13 -0.5 0 0 [163]
R44 Na+ +OH− −→ Na+OH 1.00E-13 -0.5 0 0 [163]
R45 NaCl +H −→ Na+HCl 5.00E-20 [165]
R46 Cl− +OH −→ HOCl− 7.14E-18 [159]
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Chapter 7
Model-based Evaluation of Magnetic
Field-assisted Micro-EDM
7.1 INTRODUCTION
Recently, researchers [15] have proposed use of external magnetic field to facilitate debris removal from the
small inter-electrode gaps in micro-EDM. This idea of ’Magnetic field-assisted EDM’ involves use of Lorentz
force concept to impart additional ejection force on the debris particles. Lorentz forces are developed on a
current-carrying element in the presence of a magnetic field. Due to the current flowing in the workpiece
during the discharge, it is believed that the charged debris particles can be ejected using the Lorentz forces
by applying an external magnetic field in appropriate orientations. While sufficient experimental evidence
of the effect of magnetic field on material removal in micro-EDM has been obtained, there has been a
lack of physical understanding of mechanism involved in material removal and debris ejection using via
mathematical modeling.
This chapter describes development of a melt-pool model similar to the one described in Chapter 5 to
evaluate the effect of magnetic field on micro-EDM melt-pool. By modeling the hydrodynamic flow in the
melt-pool created during the micro-EDM discharge, dynamics of different forces acting on the melt-pool can
be understood and magnetic field configurations can be designed in order to exert additional ejection force
on the melt-pool.
The chapter begins with explanation of the formulation of melt-pool model for magnetic field-assisted
micro-EDM. Governing equations, geometry of the domain and boundary conditions have been detailed.
Model evaluation is described next. The following section discusses the results from the model, where
temperature and velocity distributions of micro-EDM melt-pools under influence of various magnetic field
strengths are detailed. Lastly, morphological changes in the micro-EDM melt-pool due to the magnetic field
is studied.
7.2 MODEL FORMULATION
This research is aimed at increasing the efficiency of the micro-EDM process by achieving more material
removal per energy discharge. The idea is to design and evaluate noval magnetic field technologies to focus
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the plasma for increased stability and for debris removal from the inter-electrode gap. The goal of the
modeling exercise is to understand the physics of the material removal/debris formation and debris removal
from the discharge point. This will be achieved by modeling the melt-flow of the workpiece material under
influence of heat flux of the micro-EDM plasma. The temperature and velocity distribution in the melt-pool
along with the shape of the melt-pool at the end of the discharge will be studied to estimate the material
removal per micro-EDM discharge. One of the important output we seek from the modeling is the magnetic
field strength required to overcome other hydrodynamic forces acting on the melt-pool for efficient ejection
of the debris.
7.2.1 Assumptions
In micro-EDM, the tool (cathode) and workpiece (anode) are separated by a gap distance of the order 1-
10 µm. The gap is filled with dielectric fluid (refer to Fig. 7.1). A discharge is then made by applying a
voltage between the electrodes for a small duration of time. The high intensity electric field generated by
the applied voltage in a small gap breaks down the dielectric medium causing the current to rise and form a
plasma channel in the gap. These discharges occur at the locations where the gap between the tool and the
workpiece electrode is minimum. Heat generated from the discharge melts and sometimes vaporizes the tool
and the workpiece material causing material removal and forming small craters at the discharge locations.
Several such discharges are made with a specific frequency causing large amounts of material removal over
time. Dielectric flushing techniques are applied to remove debris from the gap in order to prepare the gap
for the next discharge.
Due to complexities involving micro-EDM plasma, dielectric medium, melt-pool formation at both tool
and workpiece electrodes, plasma collapse and flushing of the dielectric etc., it is extremely difficult to model
the whole process. Therefore, in this research, only melt-pool formation and the material removal due to
a single discharge micro-EDM event is modeled. Furthermore, following assumptions have been made to
simplify the model. These assumptions are adapted from the literature on the micro-EDM modeling [18,22,
136] and the weld-pool modeling [137].
1. Workpiece and tool material are homogeneous and isotropic.
2. Thermo-physical properties of the dielectric are temperature independent. Also, thermo-physical prop-
erties of the individual solid and liquid phases of the workpiece material are temperature independent.
3. Liquid phase of the workpiece material and dielectric fluid are incompressible and the flow in the
melt-pool is laminar.
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Figure 7.1: Schematic of the micro-EDM setup in presence of the magnetic field
4. The plasma parameters required for the melt-pool modeled described in this chapter are obtained
using empirical approach. A cylindrical shaped micro-EDM plasma channel is considered with constant
radius based on the discharge current and time [136]. Effect of the micro-EDM plasma is modeled by
exerting Gaussian distributed heat flux and pressure boundary condition on the top surface of the
workpiece [22].
5. Evaporation of the dielectric and the workpiece material is neglected.
6. Current density is calculated assuming a constant current passing through the cylindrical plasma chan-
nel and assumed to be uniform in the melt-pool.
7. Dielectric flushing is neglected.
7.2.2 Governing Equations
Due to intense heat generated by the plasma during the micro-EDM process, workpiece material is in molten
state during the discharge. Therefore, differential equations governing hydrodynamic flow and heat transfer
need to be solved together in the domain. Also, due to advection and convection effects in the melt-pool,
workpiece surface undergoes deformations that can not be neglected. Therefore, the physics governing the
tracking of the workpiece surface due to the deformations is also included in this model.
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(a) Level Set (b) Heat Transfer
(c) Hydrodynamic Forces
Figure 7.2: Schematic of physical phenomena in the melt-pool
Workpiece Surface Tracking [139]
In order to model the surface tracking, the level set method is applied [139]. A function φ(x, y, t) is defined
over the entire domain to describe the interface according to the following criteria:
φ(x, y, t)

< 0.5, dielectric ;
= 0.5, interface ;
> 0.5, workpiece .
(7.1)
Due to function φ that is defined everywhere in the domain, it is possible to transform the domain into a
continuum where any physical property f such as density (ρ), viscosity (η) etc. can be defined at each point
(x, y) in the domain as,
f = fdielectric + (fworkpiece − fdielectric)φ . (7.2)
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The movement of the surface is then described by a differential equation, which is solved together with
Navier-Stokes and heat-transfer equations [139],
∂φ
∂t
+ u · ∇φ = γls∇ ·
(
ls ((∇φ · n)n)− φ(1− φ) ∇φ|∇φ|
)
. (7.3)
Here, ls is the interface thickness that is generally set to half of the maximum mesh element size in the
domain. The term γls is the stabilization parameter that determines the repetition of the reinitialization for
each time step. The γls is set to 1. The interface normal vector is defined by,
n =
∇φ
|∇φ|
∣∣∣∣
φ=0.5
. (7.4)
Based on n, curvature of the free surface, i.e., the interface between the dielectric and the workpiece,
can be found out as,
κS = −∇n|φ=0.5 . (7.5)
Surface curvature is essential in implementing the surface tension force. However, as the interface is
changing over time, it is necessary to transform surface forces such as surface tension and plasma pressure
into volumetric forces using a smoothed, continuously differentiable delta function,
δ = 6|∇φ||φ(1− φ)| . (7.6)
Heat Transfer
The heat transfer in the domain can be described using differential equation,
ρcp
∂T
∂t
+ ρcpu · ∇T = ∇ · (k∇T ) +Qinδ . (7.7)
The terms, Qin represents the incoming heat flux from the plasma to the workpiece surface, which is con-
sidered to be Gaussian distributed around the center of the plasma as,
Qin(r) = Q0exp
{
−4.5
(
r
Rp
)2}
. (7.8)
Here, r is the distance of a point from the center of the plasma and Q0 is the maximum heat flux, which
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is calculated as a fraction (Fc) of the total input discharge energy [22],
Q0 =
4.5FcV I
piR2p
. (7.9)
It is assumed that the fraction Fc accounts for all possible energy losses due to convection, radiation etc.
during the discharge. Radius of the plasma channel Rp can be calculated as a function of discharge current,
I(A) and discharge-on time, ton(µs) from a semi-empirical relationship [136]:
Rp = 2.04× 10−3I0.43t0.44on (µm) . (7.10)
In order to model the phase change of workpiece material from solid to liquid, a smoothed Heaviside
function, H(T, δTm), is used to represent volume fraction of the liquid phase, gl, at each grid point in the
domain. δTm is the width of the temperature region (Mushy Zone) in which H(T, δTm) changes from 0 to
1 and is assumed to be 50 K [137]. This allows us to define the workpiece material as a continuum (see
Fig. 7.3), where thermo-physical properties of the material are defined as,
f(T ) = fsol − (fsol + fliq)gl , gl = H(T, δTm) . (7.11)
Figure 7.3: Properties of workpiece metal as a function of temperature during the phase change
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Hydrodynamics
Assuming the melt-pool is an incompressible fluid, the fluid motion in the melt-pool can be described using
Navier-Stokes equation and the equation of continuity as,
ρ
∂u
∂t
+ ρ(u · ∇)u = ∇ · [−pI+ µ (∇u+ (∇u)T)]+ Fg + Fsur + Fm + FL , (7.12)
∇ · u = 0 . (7.13)
The term Fg on the right hand side of Eq. 7.12 is the buoyancy force, which is taken according to Boussinesq
approximation as,
Fg = ρgβT (T − Tm) . (7.14)
The force term Fsur contains surface tension force, the Marangoni force and the force exerted by plasma
pressure,
Fsur =
[
2γκSn− ∂γ
∂T
(I− nn) · ∇T − Pplasmany
]
δ . (7.15)
The surface forces are multiplied by δ to convert them into volumetric forces and make sure that they appear
only at the interface between dielectric and workpiece. Plasma pressure is calculated from ideal gas law as,
Pplasma = NkbT , (7.16)
where N is taken as the number density of the electrons in micro-EDM plasma as observed from the experi-
ments [73].
In order to impart zero velocities in the solid region, artificial damping force Fm is introduced in the
Navier-Stokes equations [137].
Fm =
µ
K
ρ
ρl
u . (7.17)
Here, a permeability function K analogous to fluid flow in porous media is assumed employing the Carman-
Kozeny equation [137] :
K =
g3l
c1(1− gl)2 , c1 =
180
d2
, (7.18)
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where d is proportional to dendrite dimension, which is assumed to be 10−2cm.
The last term in Eq. 7.12, FL, refers to the Lorentz forces due to external magnetic field.
FL = J×B . (7.19)
The current density J is given by:
J = Jplasma + σ(u×B) . (7.20)
Here, the current density of the plasma is calculated assuming plasma column to be cylindrical-shaped with
radius Rp.
|Jplasma| = I
piR2p
. (7.21)
With current flowing in +Y-direction and magnetic field in -Z-direction (i.e., into the plane of the domain),
the Lorentz force due to the plasma current acts in +X direction (see Fig. 7.1).
7.2.3 Geometry and Boundary Conditions
To model the melt flow, a 2D rectangular domain of size 200µm× 125µm was considered. The domain was
divided into dielectric and workpiece material with initial dielectric layer of 200µm× 25µm (Fig. 7.4a). The
X-Y co-ordinate system was placed at the center of the initial free surface of the workpiece. The domain
was meshed with free triangular elements with maximum size of 1µm near the initial dielectric-workpiece
interface (Fig. 7.4b). The whole unstructured mesh contained 29,768 elements. The boundary conditions
used are given in Table 7.1.
Table 7.1: Boundary conditions for numerical calculations
Boundary (see Fig. 7.4a) Navier-Stokes equation Heat transfer equation
B1, B2, B3 & B4 Wall (u = 0) Adiabatic wall (n · (k∇T ) = 0)
B5 (free surface) Gaussian plasma pressure,
Pplasma
Gaussian plasma heat flux, Qin
and Radiation, Qout
The model was solved with COMSOL 4.2a Multiphysics software. PARDISO solver was used with double
precision settings and automatic time-stepping to solve coupled energy-momentum equations.
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(a) 2D domain with co-ordinate system and bound-
aries (b) Mesh in the domain
Figure 7.4: Rectangular domain and Mesh for the model
7.3 MODEL EVALUATION
Using the numerical model described in sections 7.2.1-7.2.3, melt flow in a single discharge micro-EDM pro-
cess in the presence of magnetic field was simulated. Dielectric material was taken as deionized water and
workpiece was taken as 304 stainless steel. Simulations were run for increasing magnetic field strengths to
study the effect of magnetic field strength on the micro-EDM melt flow and debris ejection. Physical prop-
erties of dielectric and workpiece material used are given in Table 7.3 and micro-EDM process parameters
used for different simulations are given in Table 7.2.
Table 7.2: micro-EDM process parameters for simulations
Parameter Symbol Value Unit
Workpiece (Anode) 304 stainless steel
Dielectric Deionized water
Discharge voltage V 25 V
Discharge current I 8 A
Discharge-on time ton 2 µs
Electron number density of plasma [73] N 7.23× 1023 m−3
Magnetic field strength (along Z dir.) B 0, 0.5, 1, 5 T
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Table 7.3: Thermo-physical properties [137]
Property Symbol Value Unit
304 stainless steel
Density of solid phase ρs 7200 kgm−3
Density of liquid phase ρl 6900 kgm−3
Thermal conductivity k 22 Wm−1K−1
Specific heat of solid
phase
cs 700 Jkg−1K−1
Specific heat of liquid
phase
cl 780 Jkg−1K−1
Thermal expansion coeffi-
cient
βT 4.95× 10−5 K6−1
Melting point Tm 1700 K
Width of the temperature
region in mushy zone
δTm 50 K
Ambient temperature T0 293.15 K
Latent heat of fusion Hf 2.47× 105 Jkg−1
Dynamic viscosity µ 0.006 kgm−1s−1
Surface tension γ 1.943− 4.3× 10−4(T − Tm) Nm−1
Electrical conductivity σ 7.14× 105 Ω−1m−1
Deionized water
Density ρ 1000 kgm−3
Thermal conductivity k 2.18 Wm−1K−1
Specific heat cs 4200 Jkg−1K−1
Dynamic viscosity µ 0.001 kgm−1s−1
7.4 MELT-POOL SIMULATIONS IN MAGNETIC FIELD-ASSISTED
MICRO-EDM
7.4.1 Melt-pool in the Absence of Magnetic Field
Magnetic field-free micro-EDM process was simulated initially to provide a reference case for the magnetic
field effects on the micro-EDM melt-pool. Temperature and velocity field distribution in the melt-pool at
different times during the discharge were obtained and are illustrated in Fig. 7.5 and Fig. 7.6, respectively.
Initially, as the plasma heat flux heats up the surface of the workpiece, a temperature gradient is created
with temperature decreasing from center of the plasma column towards the periphery. The workpiece melts
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gradually due to the heat released by the plasma. In Fig. 7.5 a line at T=1700 K shows the separation
between the solid and the liquid phase of the stainless steel workpiece. A maximum temperature of 8448 K
is reached at the center of the melt-pool. The temperature gradients at the surface give rise to Marangoni
effects, due to the decrease of surface tension as a function of the increasing temperature. As a consequence
of Marangoni surface forces, an outward flow of molten metal appears from center to the rim. The velocity of
the molten fluid is reported in Fig. 7.6 at four selected times. The fluid velocity of the molten metal increases
with time, reaching maximum value at the external edges of the melted pool. After 2 µs, corresponding to the
total discharge time of a typical micro-EDM pulse, the velocities are directed mostly outward with maximum
value of 7.15 m/s, as seen from Fig. 7.6d, allowing the ejection of molten material after the discharge.
The simulation gives detailed information about the dynamics of the melting process, and it allows a
quantification of the magnitude of the involved hydrodynamic forces during the discharge transient. Figure
7.7 shows a comparison of the three main forces acting on the melt-pool during the discharge, i.e., the
plasma pressure, the buoyancy force and the Marangoni force. The process is dominated by the Marangoni
force, being of the order of 1010-1011 N/m3. In order to have an appreciable effect from an additional Lorentz
force, with appreciable modification of the crater shape, a Lorentz force in the melt-pool at least of the order
of the Marangoni force, or higher is required. The magnitude of the Lorentz force generated in the melt-pool
due to the external magnetic field is proportional to the product |J||B| of the current density (|J|) and the
intensity of the magnetic field (|B|) . The current density at the surface of the working piece is expected to
be of the same order of magnitude of the plasma current, in a range |J| = I/Ap ≈ 1010 A/m2, where I is the
plasma current and Ap is the cross-sectional area of the plasma column. This order-of-magnitude estimation
gives a required magnetic field in a range B ≈ 1.0− 10.0 T. In experiments, magnetic fields of 1.0 Tesla are
feasible using opportunely shaped permanent magnets. However, the volumes involved during the micro-
EDM machining are small, so the allowed magnetic fields can be even higher. A dedicated analysis of the
magnetic field intensity is necessary in order to identify the most appropriate permanent magnet required.
In the following section a preliminary investigation of the melt-pool in the presence of the Lorentz forces are
discussed.
7.4.2 Melt-pool in the Presence of Magnetic Field
In order to show the effect of magnetic field on material removal in micro-EDM, the melt-pool was simulated
in presence of an external magnetic field in out-of-the-plane direction (along -Z) to the 2D domain and in
presence of a constant current density J = (0, Jy, 0) acting along the Y direction. The value of the current
has been set to Jy = 1.1× 1010 A/m2, and the magnetic field has been increased as |Bz| = 0.5 T, 1.0 T and
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(a) t = 0.5 µs (b) t = 1 µs
(c) t = 1.5 µs (d) t = 2 µs
Figure 7.5: Temperature (K) distribution in the melt-pool during micro-EDM discharge without magnetic
field
5.0 T. Both the values are treated as constants all over the domain. As a result from the application of the
magnetic field and of the electric current, a Lorentz force is developed in the computational domain along
the −X direction. The calculated temperature and velocity distribution in the melt-pool have been reported
in Fig. 7.8-7.13.
Figures 7.8 and 7.9 show the behavior of the melt-pool for B = 0.5 T. A small asymmetry in the shape
of the melt-pool appears. The melt-pool experiences a Lorentz force of 0.5× 1010 N/m3 pushing the molten
stainless steel towards the −X direction. The magnitude of this force is not enough to counteract the surface
Marangoni force. The maximum temperature reached by the discharge is almost same as in the case of no
magnetic field. The small asymmetry affects the velocity profile shown in Fig. 7.9d, accelerating the molten
material in the −X direction. This acceleration of the melt-pool in one direction can be further increased by
increasing the intensity of the magnetic field. The magnetic field was increased further to the levels of 1 T
and 5 T and the simulation results are reported here.
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(a) t = 0.5 µs (b) t = 1 µs
(c) t = 1.5 µs (d) t = 2 µs
Figure 7.6: Velocity field (m/s) distribution in the melt-pool during micro-EDM discharge without magnetic
field
Figure 7.7: Comparison of forces in the melt-pool over time in micro-EDM without the magnetic field
Figures 7.10-7.11 show the results for the case ofB = 1 T, and Fig.7.12-7.13 show the results forB = 5 T.
As a consequence of increasing the intensity of the magnetic field, the asymmetry of the melt-pool becomes
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much more evident. This is due to the increasing Lorentz force in the melt-pool. The quantitative comparison
of the Lorentz force with the Marangoni force has been reported in Fig. 7.14 for all three levels of the
magnetic field intensities chosen for the simulations. A qualitative comparison of the different morphologies
of the melt-pool encountered for the increasing Lorentz force has finally been shown in Fig. 7.15. At B =
0.5T , the Marangoni force acts as a dominant force in the melt-pool throughout the discharge time as seen
in Fig. 7.14a. It increases in time, reaching a magnitude of ≈ 6× 1010 N/m3. The Lorentz force has a lower
magnitude of 0.5 × 1010 N/m3 than the Marangoni force, except during a brief transient at the beginning
of the discharge lasting less than 0.1 µs. The low Lorentz force produces slight asymmetry in the melt-pool
shape (Fig. 7.15b) due to acceleration in −X direction. As the intensity of the magnetic field is increased
to 1 T, the Lorentz force is doubled. However, it is not sufficient to counteract the Marangoni force and
therefore, the Marangoni force still dominates the melt-pool as seen in Fig. 7.14b. Nevertheless, the Lorentz
force in −X direction accelerates the melt-pool in −X direction, which is evident from the asymmetric
velocity distribution in the melt-pool shown in Fig. 7.11. This results in asymmetry in the melt-pool shape
produced at the end of the discharge (see Fig 7.15c). In the B = 5 T case, the Lorentz force is of the same
level of the Marangoni surface force as seen from Fig. 7.14c. In this case, the Lorentz force dominates the
dynamics of the melt-pool, producing ejection velocities almost double with respect to the unmagnetized
case (Fig. 7.8). At B = 5 T, the Lorentz force is able to compete with the Marangoni force and can be used
to significantly affect the dynamics and the shape of the melt-pool as shown in Fig. 7.15d.
7.5 SUMMARY
This chapter evaluated the effect of external magnetic field on micro-EDM melt-pool using a melt-pool model
similar to the one described in Chapter 5. The melting transient of a single-pulse micro-EDM discharge
were modeled using COMSOL Multiphysics, in order to carry out a preliminary quantitative investigation
of the additional effects of the Lorentz force on the dynamics of the melt-pool. The governing equations
of mass, momentum, and energy balance were solved together with a level-set differential equation able to
describe the two-fluid behavior of the system. The discharge transient were successfully simulated both in
unmagnetized and magnetized conditions, giving relevant information about the dynamical forces involved
during the process, and allowing a first evaluation of the entity of the Lorentz force required for an effective
modification of the dynamics of the molten material.
In the unmagnetized case, the Marangoni surface force has been found to be the dominant force. For the
micro-EDM process with stainless steel as the tool electrode and deionized water as the dielectric fluid, a
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(a) t = 0.5 µs (b) t = 1 µs
(c) t = 1.5 µs (d) t = 2 µs
Figure 7.8: Temperature (K) distribution in the melt-pool during micro-EDM discharge with magnetic field
of 0.5 T
Marangoni force of the order 1010 − 1011 N/m3 has been found. Using the model-based predictions, it was
demonstrated that by using a Lorentz force of the same order of magnitude, a morphological and dynamical
modification of the melt-pool can be accomplished. The molten material is pushed in the same direction of
the Lorentz force, reaching ejection velocities almost double with respect to the unmagnetized case. These
simulations tests were carried out assuming a constant Lorentz force in the workpiece.
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(a) t = 0.5 µs (b) t = 1 µs
(c) t = 1.5 µs (d) t = 2 µs
Figure 7.9: Velocity field (m/s) distribution in the melt-pool during micro-EDM discharge with magnetic
field of 0.5 T
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(a) t = 0.5 µs (b) t = 1 µs
(c) t = 1.5 µs (d) t = 2 µs
Figure 7.10: Temperature (K) distribution in the melt-pool during micro-EDM discharge with magnetic field
of 1 T
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(a) t = 0.5 µs (b) t = 1 µs
(c) t = 1.5 µs (d) t = 2 µs
Figure 7.11: Velocity field (m/s) distribution in the melt-pool during micro-EDM discharge with magnetic
field of 1 T
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(a) t = 0.5 µs (b) t = 1 µs
(c) t = 1.5 µs (d) t = 2 µs
Figure 7.12: Temperature (K) distribution in the melt-pool during micro-EDM discharge with magnetic field
of 5 T
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(a) t = 0.5 µs (b) t = 1 µs
(c) t = 1.5 µs (d) t = 2 µs
Figure 7.13: Velocity field (m/s) distribution in the melt-pool during micro-EDM discharge with magnetic
field of 5 T
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(a) B = 0.5T
(b) B = 1T
(c) B = 5T
Figure 7.14: Comparison of Marangoni force and Lorentz force over time
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(a) No magnetic field (b) B = 0.5T
(c) B = 1T (d) B = 5T
Figure 7.15: Comparison of melt-pool shapes for different magnetic field strengths
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Chapter 8
Conclusions and Recommendations
8.1 SUMMARY OF WORK
The objective of this research was to develop a fundamental knowledge of the micro-EDM process via
physics-based modeling. In particular, understanding of (i) the formation and expansion of the plasma
channel during a micro-EDM discharge including details of the complex chemistry and energy exchange
between different species in the plasma, (ii) mechanism of transfer of the plasma thermal energy to the elec-
trodes, and (iii) the process of formation of melt-pool and material removal at the workpiece was sought.
The overarching goal of this research was to enable development and evaluation of new methods aimed at
improving the quality and productivity of the micro-EDM process through model-based understanding of
effect of machining parameters on the micro-EDM process at each stage of the discharge.
In order to achieve this objective, a two-step multi-physics model of the micro-EDM plasma process was
developed. First, the process of plasma discharge was modeled using a ’Global model’ approach, i.e., assum-
ing uniform spatial distribution of plasma characteristics, to obtain time-transient description of the plasma
during a single micro-EDM discharge in terms of plasma composition and density, plasma temperature, pres-
sure, radius and heat flux to the electrodes. The model was used to study the effect of machining parameters
such as electrical field and inter-electrode gap on the plasma characteristics.
The micro-EDM plasma was further enhanced to include the physics of plasma resistance during the
discharge in order to obtain time-transients of plasma electrical characteristics such as discharge voltage
and current and total discharge energy. Simulation experiments were conducted to study the effects of open
gap voltage and inter-electrode gap on the plasma electrical characteristics.
Once the micro-EDM plasma was modeled, a model for melt-pool formation at the workpiece was de-
veloped to predict the material removal. Plasma heat flux, radius and plasma pressure obtained from the
micro-EDM plasma model were used as inputs to the melt-pool model. Using the melt-pool model, a typi-
cal micro-EDM discharge was simulated to study the evolution of temperature and velocity distribution on
the workpiece surface, and morphology of the resulting crater. The morphology of the crater was used to
estimate volume of material removed per discharge in micro-EDM.
A micro-EDM machine tool was developed with a single discharge generating circuit to conduct experi-
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ments and validate the micro-EDM models. Experimental characterization tools such as acquisition of volt-
age and current waveforms to capture plasma electrical characteristics, 3D metrology of craters to measure
material removal, and optical emission spectroscopy to estimate plasma temperature and electron density
were used.
The modeling tools were employed further to study possible mechanisms of productivity improvements in
micro-EDM. First, the plasma model was used to investigate effect of electrical conductivity of the dielectric
on the dielectric breakdown, plasma characteristics and material removal in micro-EDM. Model-predictions
were compared with the experiments to evaluate model accuracy. Next, the melt-pool model was used to
obtain evolution of temperature and velocity distributions in magnetic field-assisted micro-EDM and study
the effect of Lorentz force on morphological modification of the melt-pool was demonstrated.
In summary, the modeling tools developed in this work have been used to gain fundamental knowledge of
the plasma discharge and material removal mechanism in micro-EDM process. The quantitative understating
accomplished in this research through multi-physics modeling is superior to the simpler empirical scaling,
paving the way toward optimization studies and improvements on the overall machinability. There is an
enormous benefit in improving the industrial viability of micro electro-discharge machining. However, the
advantages of developing a multi-physics model of a plasma discharge in liquid water have much broader
impact and additional benefits.
Plasma discharges in liquid dielectrics occur in a number of other disciplines, ranging from water purifi-
cation to plasma medicine. The high number of multi-physics and highly interconnected processes occurring
in a plasma formation in liquid dielectric has limited the theoretical efforts toward a quantitative under-
standing. Ozonation has been identified as a cheap and environmentally-friendly alternative to chlorination
as a disinfection agent. Electrical discharges in liquid water have a great potential in ozone production for
cheap and environmentally-friendly disinfection. The physical processes involved in electrical discharges in
water used for purification are the same of electrical discharges in water used for EDM, without the compli-
cation of the presence of the metal workpiece. A quantitative understanding of these processes can serve to
evaluate the radical composition of interesting species (i.e., ozone), the time decay of the species after the
discharge, investigate parametric behaviors, and leading toward a quantitative understanding of the bubble
formation, evolution, and collapse in a liquid dielectric.
8.2 CONCLUSIONS
Following specific conclusions are drawn from the research presented in this thesis.
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8.2.1 Modeling of Micro-EDM Plasma Formation and Expansion in Deionized Water
1. A spatially uniform model (’Global model’) of micro-EDM plasma discharge in deionized water was
developed. The plasma discharge was modeled using a coupled system of particle balance equation,
energy balance equation and the plasma bubble dynamics. Using chemistry of H2O plasma, number
densities of different species in the plasma are estimated as a function of time using the particle
balance equation. Time evolution of the plasma temperature was obtained by solving two separate
energy balance equations for two separate temperatures, one for electrons and another for ensemble
of ions and neutrals. It is shown that the electrons and ions/neutrals attain thermal equilibrium via
energy exchange to reach a common plasma temperature. Expansion of plasma bubble was modeled
by the plasma dynamics following Kirkwood-Bethe equation.
2. Using the model, a single discharge of a typical micro-EDM process was simulated in order to obtain
complete temporal description of the plasma characteristics. Electric field of 100 MV/m, inter-electrode
gap of 1 µm and maximum current of 20 A was used to simulate the discharge. Plasma was character-
ized by the number densities of different species in the plasma, temperature of the plasma, radius and
velocity of the plasma bubble, pressure of the plasma bubble as well as the heat flux transferred to the
workpiece during the discharge process.
3. Application of higher field at a fixed gap increases the electron density, plasma temperature, plasma
radius, plasma pressure and the heat flux to the workpiece, while increasing gap distance for a fixed
electric field results in decrease of overall plasma density and increased heat flux. At fixed electric
field, plasma pressure and radius decrease when the gap is increased when electric field is greater than
100 MV/m, but increase when the electric field is below 100 MV/m.
4. The micro-EDM plasma model was enhanced by adding a new electrical circuit solver module to solve
for time-transient electrical characteristics of the plasma such as plasma resistance, plasma voltage and
current. To solve for the plasma voltage and plasma current during a micro-EDM discharge, plasma
was modeled as a simple resistor element to solve the current equation for the EDM pulse-generating
circuit. To obtain the resistance of the plasma, dc-conductivity of the plasma was used along with the
size of the plasma given by plasma bubble dynamics module.
5. From the model predictions, it is seen that the resistance of gap after the plasma formation drops to a
value that is almost two orders of magnitude smaller compared to the equivalent impedance of rest of
the micro-EDM discharge circuit. This leads to a sharp voltage drop across the electrodes that may be
difficult to obtain accurately by a direct measurement due to presence of any stray resistances between
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the measurement points. Also, due to smaller value of plasma resistance, any stray resistance present
between the measurement points across the plasma may lead to over-estimation of the actual plasma
voltage. As a result, the discharge energy that is going into the plasma during each discharge and
causing material removal in micro-EDM may be over-estimated as well.
6. The energy of a discharge is dictated by the resistance of the plasma and the current in the circuit
(same as the plasma current). Simulation experiments were carried out to investigate the effect of
applied open gap voltage and inter-electrode gap distance on micro-EDM plasma resistance, plasma
voltage, current and the discharge energy. Application of a higher open gap voltage decreases the
plasma resistance but increases the plasma current resulting in an increase of the discharge energy for
a given gap distance. Whereas, an increase in the inter-electrode gap distance increases the plasma
resistance but does not affect the plasma current, thereby, increasing the discharge energy at a fixed
open gap voltage.
7. For open gap voltage in the range of 100-300 V and gap distance in the range of 0.5− 6 µm, the
enhanced model of micro-EDM plasma suggests that a higher open gap voltage and higher inter-
electrode gap distance can be used to obtain a higher discharge energy, which can lead to a higher
material removal rate (MRR) [23,45,53,132–134].
8. The results of heat flux and pressure predicted by the plasma model can be used as inputs to the
melt-pool model consisting Navier-Stokes equation coupled with the heat equation. Using the melt-
pool model, material removal mechanism in micro-EDM process can be understood and volume of the
material removed can be estimated. The predictions of time-transient discharge power can also be
used in empirical micro-EDM material removal models [11, 18, 22, 23] to estimate the heat flux given
to the electrodes during a discharge.
8.2.2 Modeling of Micro-EDM Melt-pool Formation and Material Removal
1. A melt-pool model was developed to estimate the material removed in a single discharge of micro-
EDM process. The melt-pool was modeled by solving heat transfer and fluid flow equations in the
domain containing the dielectric and workpiece materials. To model the flow of liquid metal under
hydrodynamic forces such as the plasma pressure and surface tension, level-set method was used to
calculate the liquid and solid fractions of the workpiece material in the domain.
2. The micro-EDM melt-pool model is used to predict the temperature distribution and the melt-flow of
the workpiece material under influence of micro-EDM plasma heat flux and pressure. Values of the
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plasma heat flux, pressure and radius are obtained by simulating the micro-EDM plasma model for
the discharge conditions specified by inter-electrode voltage and gap distance. Assuming 100% of
the molten material is removed after the plasma collapse at the end of the discharge, profiles of the
melt-pool was estimated as the profile of the resulting crater.
8.2.3 Experimental Validation of Micro-EDM Models
1. A customized micro-EDM machine tool was developed to carry out validation experiments. The ma-
chine tool included tool and workpiece stages capable of inter-electrode gap setting with sub-micron
accuracy, a dielectric tank and a hybrid RC-transistor-based single-discharge circuit.
2. The micro-EDM plasma model was validated using the experimental results reported by Nagahanuma-
iah et. al. (2009) [73]. For experimental conditions used in the referred study, i.e., voltage in the range
of 40-50 V, current in the range of 2-3 A and pulse-width of 10 µs, the model predicts average electron
temperature of 6817 K and electron density of 8.9× 1023 m−3 against average electron temperature of
6217 K and electron density of 23.9× 1023 m−3 reported in [73]. Furthermore, the values of electron
temperature and density predicted by the model are found to be consistent with the range of electron
temperature and density (5000-10000 K, 1023 − 1025m−3) reported in the literature [15,17,29,73].
3. The enhanced micro-EDM plasma model was validated by carrying out single-discharge experiments at
open gap voltage of 100 V, inter-electrode gap of 1 µm and pulse-on time of td = 5 µs and comparing
model-predicted electrical characteristics of the plasma, i.e., plasma resistance, plasma voltage and
plasma current to the experimental measurements. The model was found to agree well with the
experiments.
4. Experiments were carried out first to investigate effect of the inter-electrode voltage and gap distance
on the crater profiles. Same discharge conditions were then simulated using the melt-pool model
to compare the experimental results with the simulations. The cross-sectional profiles of the craters
simulated by the melt-pool model predict the diameter of the discharge crater in the range of 78−96 µm
and maximum crater depth in the range of 8 − 9 µm for discharge duration of 2 µs. It was observed
that the diameters of the simulated craters agree reasonably well with the corresponding experimental
measurements for almost all the discharge conditions. However, the crater depths measured in the
experiments are smaller than the simulated crater depths. This may be due to partial ejection of all the
molten material after the discharge and re-solidification of some of the material at the discharge site.
It is believed that a better match between the model and experiments can be obtained by incorporating
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the physics of re-solidification of material post discharge.
8.2.4 Role of Dielectric Conductivity on Micro-EDM Machining Characteristics
1. The effect of dielectric conductivity on the dielectric breakdown, plasma characteristics and mate-
rial removal in micro-EDM process was investigated via a combination of modeling and experimental
approach. Single discharge experiments were carried out using water with different electrical con-
ductivities as the dielectric medium. Using the discharge voltage and current waveforms captured
during each discharge, breakdown characteristics of water at different electrical conductivities were
studied. Optical emission spectroscopy was used to obtain experimental measurements of plasma tem-
perature and electron density. Also, the resulting craters have been analyzed to study the effect of the
conductivity on the material removal in micro-EDM.
2. An enhanced micro-EDM plasma model was developed to predict the effect of dielectric conductivity
on micro-EDM plasma by including the plasma chemistry resulting from the presence of NaCl in water.
3. Simulation experiments were carried out to obtain model-based predictions of the effect of dielectric
conductivity on dielectric breakdown and micro-EDM plasma characteristics, viz. electron density,
temperature, heat flux, plasma resistance, and discharge energy. The model-based predictions of the
breakdown characteristics of water, plasma temperature and electron density at different conductivities
were compared with the experimental results and were found to agree reasonably well.
4. It was revealed in both experimentation and modeling, that the minimum breakdown voltage at a
given gap decreases with an increase in the conductivity value from 4 µS/cm to 4116 µS/cm. At the
highest conductivity value of 4116 µS/cm, more combinations of voltage and gap distance are available
to form a successful discharge offering more flexibility for micro-EDM operation.
5. Single discharge micro-EDM experiments carried out at different levels of conductivity values show that
increase in conductivity causes increase in the material removal at anode (workpiece) per discharge
across the gap values of 0.5− 6 µm.
6. The micro-EDM plasma model for saline water predicts that an increase in dielectric conductivity
increases the electron density and heat flux at the anode from the micro-EDM plasma, whereas, it
decreases the electron temperature, plasma resistance and the total energy of the discharge. Increase
in the electron density with an increase in dielectric conductivity is also observed in spectroscopy
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experiments. Increase in the electron density causing corresponding increase in the anode heat flux is
believed to have resulted the higher material removal in micro-EDM when the conductivity is increased.
8.2.5 Model-based Evaluation of Magnetic Field-assisted Micro-EDM
1. Micro-EDM melt-pool model was used to study the effect of external magnetic field in micro-EDM. Mag-
netic field-free micro-EDM process was simulated initially to provide a reference case. Temperature
and velocity field distribution in the melt-pool at different times during the discharge were obtained.
Then, the melt-pool was simulated in presence of an external magnetic field in out-of-the-plane direc-
tion (along -Z) to the 2D domain and in presence of a constant current density J = (0, Jy, 0) acting
along the Y direction. The value of the current was set to Jy = 1.1 × 1010 A/m2, and the magnetic
field was increased as |Bz| = 0.5 T, 1.0 T and 5.0 T. Both the values were treated as uniform all over
the domain.
2. As a result from the application of the magnetic field and of the electric current, a Lorentz force was
seen to develop in the computational domain along the workpiece surface altering the shape of the
melt-pool.
3. A careful evaluation of the magnitude of the Lorentz force required for a magnetic-assisted micro-
EDM process was carried out. In the unmagnetized case, the Marangoni surface force was found to
be the dominant force. The high surface tension of the stainless steel gives Marangoni forces of the
order of 1010-1011 N/m3. For current densities of the order of 1010 A/m2, it was verified from the
numerical simulations that the required magnetic field is in the range of 1.0-10.0 Tesla and it was
demonstrated that by using a Lorentz force of the same order of magnitude, a morphological and
dynamical modification of the melt-pool can be accomplished. The molten material is pushed in the
same direction of the Lorentz force, reaching ejection velocities almost double with respect to the
unmagnetized case. However, it was also suggested that the actual current density within the melted
pool might be much lower, thus requiring even higher magnetic fields.
8.3 RECOMMENDATIONS FOR FUTURE WORK
The research described in this thesis of development of a micro-EDM plasma model and the melt-pool model
has presented important first-hand understanding of the mechanism of plasma formation and material re-
moval in the micro-EDM process. It has also enabled theoretical evaluation of new technologies being used
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to improve productivity in micro-EDM. However, by eliminating number of assumption used in the mod-
eling and expanding the scope of these models, several improvements of further model enhancements are
possible. Some of the specific areas for future research are recommended as follows.
8.3.1 Modeling Micro-EDM Plasma in Different Dielectrics
The model of micro-EDM plasma developed in this research assumes deionized water as the dielectric liquid.
A database of reaction rates and chemical species involved in a H2O plasma has been specifically developed
for this purpose. However, many different liquid dielectrics including kerosin, hydrocarbon oils etc. and even
gaseous dielectrics like oxygen, nitrogen, air are used for different combinations of electrode materials in
order to achieve higher material removal rates. The basic physics of the plasma discharge process, however,
remains the same in these dielectrics. Therefore, by including the chemistry of the particular dielectric via
a chemical reaction database, the micro-EDM model presented in this research can be applied easily to a
variety of dielectrics.
8.3.2 Modeling Spatial Distribution of Micro-EDM Plasma
1. The model developed in this research assumes a spatially uniform plasma to obtain the plasma charac-
teristics. However, high speed imaging measurements of the EDM plasma [2,72] have shown that the
intrinsic properties of the plasma are non-uniform as seen from the non-uniform light intensity of the
plasma images. The localized propagation of the plasma cannot be simulated with a spatially-uniform
approach (global modeling), but requires instead a spatially-resolved 2D model. At micro-scale as in
micro-EDM, thermo-capillary force, driven by the temperature gradients at the free workpiece surface,
dominates the hydrodynamics of the melt-flow. Therefore, to accurately predict the mechanism of the
melt-pool formation, understanding of spatial distribution of plasma heat flux and pressure boundary
condition is critical.
2. A fluid dynamics approach [166] can be employed by treating the plasma as a fluid and solving two-
dimensional continuity, momentum balance and energy balance equations in inter-electrode gap. The
transport coefficients of different chemical species that appear in the above-mentioned governing equa-
tions need to be estimated beforehand. Poisson’s equation also needs to be solved in parallel to obtain
electric field distribution in the gap.
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8.3.3 Modeling Dielectric Flow in the Gap
The model formulation presented in this research assumes a stationary dielectric. However, in commercial
micro-EDM operations, flushing techniques are often used to remove debris particles from the gap. It is
possible for the flow of dielectric liquid surrounding the electrodes to affect plasma channel expansion
during the discharge, and plasma collapse and debris ejection at the end of the discharge. Therefore, basic
governing equations governing the dielectric phenomena in the gap, i.e., energy balance (heat transfer),
mass conservation (continuity) and momentum balance, also need to be solved in conjunction with the
governing equation of the plasma.
8.3.4 Improvements in the Melt-pool Model
1. In this research, an axisymmetric model to simulate the melt-pool formation in a single-discharge EDM
process has been developed. However, several important physical phenomena such as the mechanism
of vaporization, formation of debris particles, debris ejection and re-solidification of melt-pool are still
missing from that model. The melt-pool model needs to be extended to incorporate these phenomena
and improve the accuracy of predicted material removal.
2. At lower gaps, such as in micro-EDM, it was seen the size of the crater measured experimentally
was much smaller than the model prediction, indicating a greater role of the gap phenomena due to
the plasma collapse. Knowledge of debris ejection and re-solidification in the gap will also help in
predicting the subsequent discharge characteristics.
3. One of the challenges involving in the modeling of the material removal in micro-EDM is its close-
interaction with the plasma channel and dielectric flow in the gap, which is missing in this research.
Due to deformation of the melt-pool surface, the boundary conditions for the plasma model change
with time, affecting the evolution of its characteristics. Change in the plasma characteristics directly
influences the heat transfer and hydrodynamics of the melt-pool formation, which again affect the
plasma. Therefore, to model the two-way interaction between the plasma and the melt-pool, the
equations governing the melt-flow need to be solved in conjunction with the plasma model at each
time step. This will provide a 2D description of a complete single discharge process in the domain
consisting of both the electrodes and the gap.
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8.3.5 Developing Additional Characterization Tools for Model Validation
1. Time and Spatially Resolved Optical Spectroscopy for Plasma Temperature and Electron Den-
sity: In this research, the method of optical emission spectroscopy (OES) has been successfully used
to estimate time-averaged and spatially-averaged plasma temperature and electron density. However,
distribution of plasma characteristics in spatial and temporal dimensions has not been captured, and
therefore, can not be conclusively used to validate a 2D plasma model. Descouedres et. al (2006) [29]
have developed spatially and temporally resolved OES technique to obtain spatial and temporal dis-
tribution of these plasma parameters. Similar methodology can be adopted with a bundle of quartz
fiber immersed in the vicinity of the discharge to collect the spectroscopic data from different points in
space, while a fast gating system can be used to collect the data at different sample points during the
pulse-on-time.
2. High-Speed Imaging with Optical Filters For Density Distribution of Species in the Plasma: High-
speed imaging is another diagnostic technique that can be used for experimental characterization
of the plasma. The evolution of the plasma shape and size in the inter-electrode gap has not been
captured experimentally in micro-EDM where the gaps are in the orders of a few microns. A high
speed imaging system capable can be used to capture evolution of the plasma channel and the intensity
measurements of these images can be correlated to the plasma temperature to obtain measurement of
spatial distribution of the temperature. Futhermore, imaging with optical filters specific to emission
line of a particular species can help validate the density distributions predicted by a plasma model.
.
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